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Introduccién General

1. Infroduccidon General

1.1 Resumen

El desequilibrio entre la produccidn de pro-oxidantes y la capacidad antioxidante en
favor de los primeros es conocido como estrés oxidativo [1]. Los primeros estudios sobre
estrés oxidativo inducido por ejercicio se llevaron a cabo durante la década de los 70, en
éstos se demostré que era posible encontrar efectos nocivos sobre el organismo con la
produccion elevada de pro-oxidantes [2-4]. Un ambiente oxidativo es capaz de danar
proteinas, carbohidratos, lipidos y el ADN celular, alterando algunas funciones biolégicas.
Sin embargo, en la actualidad es reconocido que niveles controlados de estrés oxidativo
son capaces de gatillar respuestas adaptativas protectoras, impulsadas a partir de
procesos de sefadlizacion celular, los cuales han sido observados también durante
entrenamiento con ejercicio fisico. Por ejemplo, se ha demostrado que la produccién de
pro-oxidantes durante el ejercicio aerdbico provoca un incremento en las
concentraciones celulares del activador del proliferador de peroxisoma activados de
receptor gamma (PGC1-a), factores de crecimiento endotelial vascular (VEGF) y de las
proteinas quinasas activadas por mitogenes (MAPK), impulsando la biogénesis
mitocondrial, angiogénesis y consumo de glucosa muscular respectivamente [5]. Lo
anterior favorece la distribucién del oxigeno y produccién de energia en la musculatura
durante el ejercicio, mejorando a largo plazo el rendimiento en el esfuerzo fisico
ejecutado. Algunos pro-oxidantes, de forma especifica, también controlarian la
adaptacién biotipoldgica de la fibra muscular producida por el entrenamiento [6]. Para
lograr el nivel de estimulo adecuado, serd necesaria la accidén de los antioxidantes,
sustancias encargadas de reducir el nivel de pro-oxidantes presentes, las cuales ayudardn
en la instauracion de un ambiente redox tal, que evite las consecuencias nocivas del
estrés oxidativo, y que favorezcan la adaptacion. En este contexto, se ha demostrado que
la prdctica rutinaria de ejercicio fisico incrementa la formacién de nuevos elementos
antioxidantes [7].

Ahora bien, es posible que algunos dérganos puedan ser mayormente perjudicados
durante el ejercicio, el pulmdn es uno de ellos, ya que éste se puede ver expuesto a una
elevada exigencia ventilatoria, aire contaminado (material particulado, o6xidos de
nitrébgeno, etc), aire frio-seco o al ambiente hipdxico en altura. Por lo tanto, la capacidad
anfioxidante puede verse muchas veces sobrepasada.

Otro mecanismo fisiolégico de respuesta que se observa en conjunto con la oxidacién

durante el ejercicio, es la inflamacién [8, 9], la cual puede ser impulsada por el dano
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mecdnico sobre algunas estructuras, tales como el tejido conectivo, muisculo, tenddén y
hueso, o bien, sobre elementos no estructurales como eritrocitos, endotelios y epitelios
corporales [10-12]. En el pulmdn, la condicidn oxidativa o inflamatoria inducida por
ejercicio ha sido ampliamente estudiada. El efecto de la intensidad del esfuerzo, el
ambiente clorado en nadadores de piscina, polucidén del aire en carreras, ejercicio en
sujetos con patologias, ambientes extremos, entre otros, han sido relacionados con el
aumento de células inflamatorias, cambios en el pH e incremento de citoquinas
inflamatorias en diversas muestras pulmonares (linea de fluido epitelial, esputo inducido,
aire exhalado, etc) [13]. A pesar de esto, los resultados aln son controversiales. Existe una
clara tendencia de que una mayor intensidad y duracién del ejercicio favoreceria la
produccion de pro-oxidantes y la instauraciéon de un ambiente inflamatorio en el pulmén
[14], sin embargo alun no se ha establecido con exactitud cudnto es lo suficientemente
infenso o duradero para que estos efectos se manifiesten. Lo anterior podria tener una
enorme relevancia cientifica, ya sea en la creacion de modelos de investigacion en
oxidacién e inflamacién pulmonar inducidos por ejercicio, en el conocimiento del uso de
sustancias antioxidantes y  des-inflamatorias, para observar la  exacerbacion
oxidativa/inflamatoria por condiciones ambientales extremas (altura) o tdxico-nocivas
(contaminacién), para la mejora del desempeno deportivo, entre otras.

Entre las técnicas de muestreo pulmonar mas utilizadas para estudiar los efectos oxidativos
e inflamatorios pulmonares producidos por condiciones respiratorias patoldégicas (p.e.
Asma, EPOC, etc) y no patolégicas (p.e. en ejercicio, aire contaminado, ambiente
clorado de piscinas, etc) se encuentran el esputo inducido (El) [15], aire exhalado (AE)
[16] vy el aire exhalado condensado (AEC) [16, 17]. La popularidad de estas técnicas
radica en que son escasamente (El) o nulamente invasivas (AE y AEC). Con el AEC ha sido
posible analizar una serie de biomarcadores (p.e. H20O2, NO2, NOs-, ATP, adenosina, SOD,
pH, etc), capaces de analizar ambas respuestas, no asi en el exhalado directo, el cual ha
permitido medicién de un niUmero menor de estos (p.e. éxido nitrico). Por otro lado, el
esputo inducido es una maniobra descrita como semi-invasiva (se inhala una solucién
salina hiperténica) y exigente para el sistema respiratorio (tos voluntaria), por lo que es
posible que durante su ejecucidn estemos favoresciendo la aparicién de mayores efectos
oxidativos e inflamatorios. Es por esto, que en esta tesis se ha utilizado el AEC como
técnica de muestreo, la cual nos permitird dar un paso importante en el estudio vy
estandarizacién del efecto oxidativo e inflamatorio del ejercicio sobre el pulmdn, sin ser

invasivos.
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1.2 Pro-oxidantes

Los pro-oxidantes son dtomos o moléculas que tienen la capacidad de quitar uno o mds
electrones desde un elemento bioldgico (oxiddndolo). Los pro-oxidantes pueden ser
clasificados como radicales libres o no radicales (tabla 1). Los radicales libres también son
conocidos como especies reactivas derivadas de oxigeno o nitrégeno, con las siglas ERO

o ERN respectivamente, los cuales presentan una reactividad quimica pronunciada [18].

Tabla 1. Pro-oxidantes radicales y no radicales

Pro-oxidantes radicales Pro-oxidantes no radicales
Nombre Sigla Nombre Sigla
Oxigeno singulete 102 Perdxido de hidrégeno  H202
Anidn superdxido O2- Ozono o3
Radical hidroxilo OH- Peroxinitrito ONOO-
Radical peroxilo RO2: Acido hipocloroso HOCL
Radical alcoxilo RO Oxido Nitrico ON:
Hidroperoxilo HO2:

Entre los pro-oxidantes de importancia bioldégica se encuentran el anion superdxido (O27),
i6n radical hidroxilo (OH), peréxido de hidrégeno (H202) y el éxido nitrico (ON*), ademds
son los mds estudiados en el pulmdn en condiciones patoldgicas (EPOC, Asma, etc) asi
como fisiolégicas, tales como el ejercicio e hipoxia por altura [13, 19]. A continuacién se

destacan sus caracteristicas.

« Anidn Superéxido: La formacidon del O2- implica la aceptacion de 1 electrén por
parte de una molécula de oxigeno (O2), tal como se aprecia en la reaccién 1. De
todos las ERO, el Oz ha sido el mds estudiado. Este pro-oxidante puede ser
formado durante el metabolismo oxidativo celular en la cadena transportadora de
electrones presente en la mitocondria, aqui aproximadamente entre el 2 - 4% del

oxigeno consumido in vivo se transforma anién superdxido [20].
O2+e — O2- (Reacciéon 1)

« lon Hidroxilo: Tiene un elevado potencial oxidante y es reconocido como |la ERO

mdas danina. Puede producirse en la reaccién de Fenton (Reccidén 2) o Haber-Weiss
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(Reaccién 3). Este elemento es altamente reactivo y suele atacar moléculas
inmediatamente después de su produccidon, ademds es capaz de producir un
importante dano celular, ya que induce la peroxidacidn lipidica [18]. Es dificil de

cuantificar sus concentraciones en el organismo vivo.

1) Fe3* + O2- — Fe2* + O2
2) Fe2* + H2O2 — Fed* + OH- + OH: (Reaccion 2)

H202 + O2- — OH- + O2 + OH: (Reaccidn 3)

Perdxido de Hidrégeno: Este pro-oxidante no radical induce la formacién de
nuevos radicales, tales como el ion hidroxilo (Reaccidon 2 y 3). Estas reacciones en
cadena pueden formar gran cantidad de OH., fransformando el lugar
rdpidamente en un ambiente danino para membranas celulares, atacando
también a proteinas y colesterol. También puede ser formado por dismutacién del
O2- (Reaccidon 4) por la accién de la enzima antioxidante superdxido dismutasa
(SOD).

SOD
O2~ + O2-+ 2H* — H202 + O2 (Reaccion 4)

« Oxido Nitrico: Molécula sintetizada por
la enzima Oxido Nitrico Sintasa (ONS) a partir de L-arginina utilizando NADPH y Ox.
(Reaccidn 5). Se ha demostrado que el gjercicio fisico induce la activacion de la
ONS que se encuentra en las membranas, mitocondria, células endoteliales,
miocitos cardiacos, células inmunes (macrdfagos), musculatura lisa, entre otras [21,
22]. Algunas respuestas fisioldgicas relevantes durante el ejercicio incluyen la
vasodilatacién y un incremento de la actividad inmune. En un ambiente oxidativo,
el ON reaccionard uniéndose con el Oz~ para formar peroxinitrito (ONOO-), un
producto altamente oxidante; reacciéon liderada por la enzima mieloperoxidasa.
En algunas células (macréfagos, células endoteliales), el ON- es un intermediario de
la via de la arginina en su transformaciéon a nitrito (NO2) y nitrato (NOgz7), tal como

se aprecia en la reaccion 6.
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NOS

L-arginina + NADPH + O2 — ON.: + L-citrulina (Reaccion 5)

ON: & NO2 < NOgz (Reaccidn 6)

1.3 Antioxidantes

Ahora bien, las concentraciones de pro-oxidantes presentes en el organismo, o
especificamente en algin dérgano, dependerdn de su produccidon y remocion. La
efectividad para prevenir su produccidn o favorecer su remocién se encuentra
determinada por la capacidad de accidn de los antioxidantes, moléculas preparadas
para retardar o prevenir la oxidacién de otras moléculas. Estos pueden ser clasificados
segun su naturaleza (origen) en enzimdticos o no enzimdticos. Los principales antioxidantes
enzimdticos pulmonares de nuestro organismo, implicados con el gjercicio, son la SOD, la
catalasa (CAT), glutation peroxidasa (GSH-Px) y la Tioredoxina (TRx) [23]. Entre los
elementos antioxidantes no enzimdticos se encuentran la mucina, urato, glutation (GSH),
ascorbato, ceruloplasmina, transferrina, vitamin E, ferritina y moléculas pequenas tales
como la bilirubina [23-26]. En el pulmén, especificamente en la linea de fluido epitelial
existen una gran cantidad de elementos antioxidantes enzimdticos y no enzimdticos [23,
27], de estos Ultimos, los mds activos en la defensa reductora son la mucina, urato,

ascorbato y el GSH, y de los enzimdticos son la SOD, CAT y GSH-Px [27].

1.3.1 Antioxidantes enzimdticos
+ Superéxido dismutasa: Participa en la conversién de O2- en H2O2 y O2 (Reaccion 4).
En la actualidad se conocen 3 isoformas, la SOD cobre-zinc que se aloja en el
nucleo y peroxisomas, la SOD manganeso que se encuentra en la mitocondria y la

SOD extracelular que se encuentra fuera de la membrana plasmdtica [23].

e Catalasa: Es posible encontrar esta enzima principalmente en el citosol (reticulo
endoplasmdtico), mitocondrias y peroxisomas, catalizando la reaccidén que

transforma el H2O2 en agua y O2 (Reacciéon 7).

CAT
2H202 — 2H20 + %02 (Reaccion 7)
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Glutatidon peroxidasa: La GSH-Px tiene la capacidad de remover perdxidos
orgdnicos utilizando GSH, el cual actia como reductor (Reacciones 8 y 9). Como
producto obtendremos glutation oxidado (GSSG) y agua. El glutation GSSG serd
reducido a GSH por la glutatiéon reductasa (Reaccidon 10), utilizando NADPH.
Distintos tipos de GSH-Px las podemos encontrar en fosfolipidos de membrana [28],
gastrointestinal y extracelular [29]. En el pulmdn es producida y secretada por las

células epiteliales alveolares y macréfagos [30].

GSH-Px
H202 + 2GSH — GSSG + 2H20 (Reaccién 8)

GSH-Px
ROOH + 2GSH — ROH + H20 + GSSG (Reaccion 9)

GR
NADPH + H+ + GSSG — NADP+ + 2GSH (Reaccion 10)

1.3.2 Antioxidantes no enzimdaticos

Mucina: Este antioxidante regula la viscosidad del mucus respiratorio. Combate
oxidantes ambientales tales como el ozono, éxidos de nitrégeno y el humo del
tabaco. Se encuentra elevada en condiciones patoldgicas inflamatorias crénicas,

como por ejemplo fibrosis quistica [31].

Urato: Este antioxidante se secreta en la via respiratoria en conjunto con la mucina,

son esenciales en la defensa de algunos elementos oxidantes como el ozono [31].

Glutatiéon: El glutation es un antioxidante abundante en las células epiteliales
pulmonares y en la linea de fluido epitelial [27, 32], es la clave en la modulacidén
del desarrollo inflamatorio-oxidativo en la lesién pulmonar. Como se observa en la
figura 1, el glutation colabora en la reduccion del perdéxido de hidrégeno para
formar agua y oxigeno utilizando glutatién reducido (GSH), convirtiéndolo en
glutation oxidado (GSSG). Este Ultimo es convertido nuevamente en GSH por la
glutatién reductasa (GR), utilizando NADPH.
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Figura 1. Actividad antioxidante del glutatiéon
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CAT: Catalasa; H2O2: Peréxido de hidrogeno; GR:
Glutation reductasa; GSH: Glutation reducido;
GSH-Px: Glutation peroxidasa; GSSG: Glutatidon
oxidado; GST: Glutatién s-transferasa; G-6PD:
Glucoégeno 6 fosfato deshidrogenasa; NADP:
Nicotinamida adenina  dinucledtido  fosfato
oxidada; NADPH: Nicotinamida adenina
dinucledtido fosfato reducida; OH-: Radical
hidroxilo; R-X: Xenobidtico; R-SG: Molécula

Conjugada.

Ascorbato: El ascorbato es capaz de donar electrones a pro-oxidantes radicales y
no radicales (H202, OH:, NO2, entre otros). Ademds ayuda a regenerar Vitamina E

reducida, ufilizando GSH (Figura 2).

Vitamina E: Esta vitamina soluble en grasas aporta electrones a un radical de la

lipoperoxidacién, formando perdxidos estables, previniendo su avance (Figura 2).
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Figura 2. Actividad anfioxidante del
ascorbato y vitamina E
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peroxidasa; GSSG: Glutation oxidado; GR:
Glutation reductasa; R Radical oxidado; RH:

Radical reducido

1.4 Dano oxidativo sobre las biomoléculas y efectos del ejercicio

Como se comentd con anterioridad, los pro-oxidantes pueden atacar algunas
biomoléculas del organismo, estas son los lipidos, proteinas, carbohidratos y el ADN. El
estudio del dano oxidativo inducido por ejercicio ha sido inferpretado principalmente a
fravés de los subproductos de la oxidacion de lipidos, proteinas y ADN. A continuacidn se

describen estos mecanismos.

« Llipoperoxidacién: Dano oxidativo de lipidos que tiene como principales moléculas
diana los dcidos grasos poli-insaturados (AGPI). Los principales pro-oxidantes
responsables de la iniciacidn del proceso de lipoperoxidacion son el O2-, OH-vy el
alquilperoxil radical ((OOCR) [33]. En efecto, los AGPI se encuentran en gran
cantfidad en las membranas celulares, por lo que el dano oxidativo de estas
moléculas lideran las alteraciones en la propiedades bioldgicas de estas
membranas (fluidez, funcidn enzimdtica, intercambio ibnico, etcétera). La

iniciacion del proceso de lipoperoxidacién ocurre usualmente cuando un pro-
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oxidante radical es agregada a un AGPI, o bien cuando el radical sustrae un
hidrégeno desde su grupo metileno (-CHz-) de este lipido [18], formando un lipido
radical (figura 3). Este Ultimo es muy inestable y se unird rdpidamente a una
molécula de oxigeno, formando un peroxil radical. Este puede reaccionar con otfro
dcido graso, produciendo por un lado un nuevo radical carbono, el cual junto al
oxigeno formard nuevamente un peroxil radical que continuard la reaccién en
cadena de la lipoperoxidaciéon (figura 3), y por otro lado perdxido ciclico capaz
de formar aldehidos estables tales como el malondealdeido (MDA), 4-hidroxi-2-
nonenal [34, 35], 2-propenal (acroleina) y los isoprostanos [36, 37] (figura 3). En
efecto, el MDA e isoprostanos han sido utilizados para observar si ha existido dano
oxidativo en los tejidos producido por ejercicio, y el pulmdn no ha sido la
excepcién [38, 39]. Araneda et al. (2005) y DDD et al. (2016) mostraron que la
lipoperoxidacion en el AEC fue inducida por la hiperventilacién inducida por
ejercicio mds altitud o ambiente clorado (piscina) respectivamente. Esto hace
pensar que factores extras al ejercicio fuerzan el desarrollo de lipoperoxidaciéon en
el aire exalado de sujetos luego de realizar ejercicio [38, 39].

Bajo ambiente aciddtico y temperatura elevada, las muestras bioldgicas
reaccionan con dcido tiobarbitirico formando productos de color rosa, los cuales
pueden ser medidos por colorimetria o fluorometria para deteminar los niveles de
MDA. La terminacion es el proceso de la lipoperoxidacion donde se juntan dos
radicales y forman un no radical.

Cabe destacar lo danino de este proceso, ya que el peroxil radical acumulado
durante la lipoperoxidacién no sélo es capaz de danar nuevamente a un AGPI,
sino que ademds a dacidos nucleicos y amino &cidos. El proceso de terminacion
ocurre cuando dos radicales reaccionan y producen una especie no radical,

normalmente esto acontece a concentraciones de elevadas de radicales.
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Figura 3. Lipoperoxidacién
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Oxidacién de proteinas: El elevado nUmero de proteinas presentes en nuestro
organismo las hace susteptibles de dafio oxidativo cuando existe una elevacion
de los niveles de pro-oxidantes radicales de oxigeno y/o nitrégeno [40] o por la
interaccion de la proteina con un producto radical durante la oxidacion lipidica o
de glucidos [17]. El ataque oxidativo puede ocurrir sobre el esqueleto de la
proteina o las cadenas laterales de sus residuos de aminodcidos [41]. Las
consecuencias de la oxidaciéon pueden llevar a la pérdida de la funcion

enzimdtica, contrdctil o estructural de las proteinas afectadas, haciéndolas mds
susceptibles a la degradaciéon proteolitica.

El pro-oxidante principal en la oxidacidon de las proteinas es el OH- [42]. La
oxidacidén del esqueleto es provocada por el OH-: sobre el grupo a-carbono luego
de extraer un hidrégeno, formando un radical centrado en carbono relativamente
estable [41]. Este pro-oxidante puede ser obtenido desde la radiacién ionizante del
agua o por la reaccidén con metales del H2O2 (por ejemplo en la reccidon de
Fenton; ver reacciéon 2), mediado por el radical hidroperoxilo (HO2) [41]. Con la
presencia de oxigeno se producird un radical alqguilperoxilo, seguido por la
formacién de un perdxido alquilo, el cual se convertird en un alcoxilo que puede
ser convertido a un derivado proteico hidroxilo [42]. Todos estos intermedios

oxidativos proteicos pueden atacar a otros residuos de aminodcidos de otra
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proteina o en la misma, produciendo un nuevo radical centrado en carbono.
Ademds, el radical alcoxilo determina la etapa para la escisibn del enlace
peptidico por la diamida o a-amidacion, favoreciendo el proceso de
fragmentacién. Sin oxigeno el radical centrado en carbono puede reaccionar
con otfro carbono y formar un derivado proteina-proteina [41].

La extraccidon de un hidrégeno desde los residuos de cadenas laterales por de
cualquier aminodcido puede ser llevada a cabo por el radical OH-. Sin embargo,
se ha observado que los pro-oxidantes radicales derivados del oxigeno en general
tienen preferencia por los aminodcidos aromdticos (fenilalanina, tirosina vy
triptéfano) [41]. Ahora bien, algunos aminodcidos al oxidarse dan lugar a grupoas
carbonilos los cuales se pueden emplear como indicador de dano oxidativo de
proteinas. Los aminodcidos que pueden dar lugar a estos productos son la lisina,
prolina y arginina [41, 43]. Estos productos son los mds utilizados para evaluar el
daio oxidativo proteico, y el ejercicio no ha sido la excepcion. Sin embargo, los
resulfados son algo controversiales. Esta diferencias han sido atribuidas a al nivel de
entrenamiento de los sujetos y al fiempo de medicidn posterior al esfuerzo
ejecutado [44-47].

Por otro lado, los residuos de metionina y cisteina son particularmente susceptibles
a la oxidacion por casi todas las formas de pro-oxidantes derivados del oxigeno
[41], sin embargo no forman rgrupos carbonilos [41].

El peroxinitrito también puede inducir la oxidacién de residuos de aminodcidos, por
ejemplo tirosina, triptéfano, cisteina y metionina [41]. Para poder actuar sobre el
residuo de ftirosina, el ONOO- produce especies pro-oxidantes (OH:) y nitrantes
(NO2), los cuales pueden extraer el hidrégeno desde el grupo hidroxilo del residuo
de tirosina, alterando irreversiblemente la estructura y funcidn de la proteina [42].
Una variacién alternativa de la nitracion sobre los residuos de tirosina es la
reaccion de un radical tfirosilo con NO- para formar 3-nitrosotirosing, el cual puede
impulsar o inhibir la activacion proteica mediante la fosforilacidon o desfosforilacién,

regulando algunas funciones celulares [42].

Oxidaciéon del ADN: Es un proceso lento y muy danino [48]. No todos los pro-
oxidantes atacan al ADN, el principal es el OH-. Este pro-oxidante puede atacar a
la guanina en su posicion C-8 para producir 8-OHAG [49, 50], sin embargo otras
posiciones pueden ser atacadas. Ademds, el OH- puede atacar otras bases, por

ejemplo la adenina, produciendo 8 (o 4-, 5-)-hidroxiadenina. También existen
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productos oxidativos en la interaccidon con las pirimidinas, produciendo perdxido
de timina, glicoles de timina, 5-(hidroximetil), uracilo y otros productos con estas
caracteristicas. El dano directo del O2- y H202 no es significativo, sin embargo
ambos sirven como fuentes para otros intermediarios reactivos que pueden causar
mdas dano, por ejemplo al producir OH- a través de la reaccién de Haber-Weiss
(reaccién 3). Asimismo, el ON-y el O2- pueden conducir a la formacion de ONOO-,
el cual puede causar dano al ADN similar al obtenido cuando estdn involucrados
radicales hidroxilo.

El estudio de la produccidon de 8-hidroxi-2-desoxiguanosina (8-OHdG) en ejercicio
se ha extendido significativamente para observar la oxidacién del ADN, sin
embargo la mayoria de los estudios no han reportado ningin cambio después de
una variedad de profocolos de ejercicio [51-57]. Las diferencias en los hallazgos
tienen explicacion en la duracidn moderada y/o la intensidad del ejercicio
aerdbico, las cuales deben ser suficientes para provocar el incremento de las
concentraciones de 8-OHdG. Cabe considerar también la capacidad rdpida de

reparacién que tiene el ADN después de la oxidacion.

1.5 Caracteristicas de la inflamacion pulmonar inducida por ejercicio

La inflamacidén es otra respuesta fisioldgica que puede ser observada durante el gjercicio.
Al igual que el estrés oxidativo, la inflamacién puede provocar efectos daninos sobre el
organismo, tal es el caso de estimulos inadecuados u organismos desadaptados para el
nivel de exigencia producido por el ejercicio. Los elementos mds importantes relacionados
con la inflamacién inducida por ejercicio, especialmente en el pulmdn, son los neutrdfilos,
leucocitos, citoquinas pro-inflamatorias (IL-1, IL-6 y TNF-a), derivados del dcido
araquidénico (LTs y PGs) y pH [13]. Este Ultimo, ha sido utilizado como un marcador
indirecto de inflamacién aguda, sobre todo a nivel pulmonar [58]. La modificacién en la
actividad de células inmunes y concentraciones de sustancias relacionadas con la
inflamacion ha sido observada principalmente en ejercicio agudo extenuante [13]. Esto
nos orienta que la duracion e intensidad del ejercicio deben ser determinantes en

instaurar un ambiente inflamatorio/oxidativo.

« Citoquinas: Son proteinas de bajo peso molecular presentes durante la respuesta

inmune. Son sefalizadoras y coordinadoras en la funcidon de las células inmunes.

12
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Estas se generan en varios tipos celulares, sin embargo la mayor cantidad se
producen en las células inmunes, principalmente en macréfagos vy linfocitos T CD4*.
Los macréfagos pulmonares son las células con mayor actividad fagocitica, la
mayoria se encuentra en los alvéolos, un menor nimero lo podemos encontrar en

los bronquios y fejido pulmonar intersticial.

pH: En el puimdn, el descenso del pH se encuentra relacionado con patologias
inflamatorias (acidosis). Algunos estudios han sido claros en demostrar respuestas
del pH referente a la severidad y tratamiento en una patologia [59]. Por ejemplo,
se ha observado un descenso del pH en fibrosis quistica [60], enfermedad
pulmonar obstructiva crénica [59] y lesidn aguda pulmonar [61]. En un modelo de
ejercicio en humanos se obsevd un descenso del pH luego de la realizacién de

ejercicio [62].

Células Inmunes: Involucradas en la defensa inmune, se ha podido observar un
incremento de la actividad y presencia de estas células en el pulmdén producto de
la realizacion de ejercicio fisico. En relacién con las respuestas respiratorias, es
reconocido que la hiperventilacion inducida por ejercicio puede favorecer la
deshidratacion del ambiente respiratorio, favoresciendo el ingreso de altos
volumenes aire frio y seco capaz de daiar el epitelio. Por otro lado, es posible que
estos grandes volimenes de aire inspirado contengan elementos nocivos que
desencadenen, o bien exacerben la respuesta inmune pulmonar, por ejemplo
corredores de larga distancia expuestos a alérgenos y particulas de polucién [63] o

iritantes derivados del cloro en nadadores en piscina [64, 65].

Moléculas derivadas del dcido araquidénico: Las prostaglandinas, tromboxanos y
leucotrienos son las principales moléculas derivadas del dcido araquiddnico
(eicosanoides) con funciones bioldgicas relevantes en el control de la respuesta
inflamatoria e inmune. Algunas de sus funciones son la produccion de fiebre, dolor,
vasodilatacioén, vasocontriccion y control de la accidén de plaguetas y la trombosis.
Se han observado incrementos de estos elementos en el esputo inducido de
corredores de larga distancia [66] luego de una careera de intensidad moderada
y en el AEC de competidores de judo luego de una prueba de ejercicio

incremental maximal [67].
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1.6 Mecanismos de produccion de pro-oxidantes y sus efectos oxidativos

inducidos por gjercicio

« Mitoncodria: El ejercicio fisico incrementa la necesidad de resintesis de energia en
forma de adenosin trifosfato (ATP) en la mitocondria. Este organelo celular utiliza el
oxigeno como aceptor final de electrones en la cadena que transporta de
electrones (CTE) ubicada en su membrana interna. Este hecho trabaja de forma
acoplada con la fosforilacion oxidativa para la produccidn de energia.
Aproximadamente entre un 2 — 4% del oxigeno que ingresa a la mitocondria para
ser utilizado en la produccién de energia, no logra formar agua junto al hidrégeno
y un electrén, y es transformado en pro-oxidantes [20]. Los pro-oxidantes
principales derivados del oxigeno son el ion superdxido (O2-) y perdxido de
hidrégeno (H202) [68] y son producidos en los complejos proteicos | (NADH
deshidrogenasa), Il (Succinato dehidrogenasa) y Il (Coenzima Q y citocromo C
oxidasa/reductasa) de la CTE [69-71]. Entonces, un aumento en |la actividad de la
mitocondria durante el ejercicio favorecerd la produccién de pro-oxidantes [72,
73]. Boveris et al. (2008), utilizando un modelo en ratas de ejercicio moderado
observd un incremento en la produccién de pro-oxidantes mitocondriales [73]. Sin
embargo, no es la Unica fuente durante el ejercicio de alta intensidad, ya que se
le ha entregado una mayor relevancia al incremento de la actividad de la xantino

oxidasa-deshidrogenasa [74].

« Xantino oxidasa-deshidrogenasa (XOD): Este mecanismo participa en la reacciéon
que catdliza la formacién de xantina desde hipoxantina, y luego a dcido Urico. Es
considerada como una fuente importante de pro-oxidantes durante los procesos
de isquemia y reperfusion [75, 76]. Asimismo, ha sido demostrado un incremento de
su actividad durante el ejercicio en modelos animales [77] y humanos [7. 78].
Utilizando un modelo de contraccidon muscular en ratas Gémez-Cabrera et al.
(2010) observaron un incremento de O2-, el cual fue atribuido a la activacién de la
XOD [79].

e NADPH oxidasas (NOXs): son 7 fipos de enzimas flavoproteicas asociadas a
membranas celulares que actian como donador de electrones en la reaccion
que reduce el oxigeno a ion superdxido. El O2- producido, al entrar con la enzima

antioxidante superéxido dismutasa (SOD), incrementard la produccién de H20o.
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También es posible que disminuyan las concentraciones de ON- al unirse con el O2-,
para incrementar los niveles de ONOO-. El estudio sobre la estimulacidon en la
actividad de estos complejos proteicos inducida por ejercicio, se ha centrado
principalmente en células fagocitarias, musculares lisas de vasos sanguineos,
fioroblastos, miocitos cardiacos y esqueléticos. En este Ultimo, el Ca*? y ejercicio
incrementa la actividad de la NOX, elevando la produccidn de pro-oxidantes [4,
80]. Asimismo, el dano producido por ejercicio de alta intensidad favorece la
estimulacién de la NOX por la activacion de la fosfolipasa A2, incrementando la

produccion de pro-oxidantes [80].

« Acido araquidénico: Este elemento también se encuentra relacionado con la
oxidacién, ya que durante su paso por la via de la ciclo-oxigensa o lipo-oxigenasa
para la formacién de prostaglandina y leucotrienos favorece el incremento en la
formacién de pro-oxidantes ERO [81].

« Miostatina: Bloqueador de la diferenciacion celular, ha sido identificada también
como un inductor de la produccién de pro-oxidantes radicales de oxigeno. La
miostatina es capaz de incrementar la produccidén de pro-oxidantes ERO via
canonical Smad3, NFkB y factor de necrosis tumoral alfa (TNF-a) [82]. También la
miostatina puede inducir la produccién de ERO a través de las vias de las proteinas
kinasas activadas por mitogenes (MAPK) mediadas por TNF- a, IL-6, NOX y XOD
[83].

1.7 Efectos del ejercicio sobre el estado redox e inflamatorio pulmonar

Tal como se menciond anteriormente, el ejercicio puede favorecer el incremento de los
pro-oxidantes en el organismo. El pulmdn, es uno de los érganos que puede salir mds
afectado, ya que un incremento en la ventilacién minuto durante un ejercicio intenso y
prolongado causard estrés mecdnico epitelial [84] y favorecerd el ingreso de aire seco y
frio [85, 86], deshidratando las vias aéreas [87]. Asimismo, el mayor flujo de aire favorece el
contacto con sustancias ambientales irritativas, tales como el ozono, material particulado
y los éxidos de nitrégeno y azufre, instaurdndose un ambiente oxidativo e inflamatorio [88-
90]. A pesar del enorme respaldo cientifico-tedrico, los resultados entre algunos grupos de
investigacion han sido controversialesm[38, 62, 91-99]. Las diferencias en los resultados de
estos estudios dependerdn del tipo de ejercicio (laboratorio o ambiente, cicloergdbmetro o

trotadora), los parédmetros (intensidad y duracién), nivel deportivo de la muestra (elite o
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recreativo), técnicas de andlisis (El, AEC, lavado bronquioalveolar), entre otros. Novak et
al. [93] y Araneda et al. [38] no lograron encontrar un incremento en la concentracién de
H202 en el AEC de humanos luego de ejercicio moderado y méximo a baja altura (670 y
2160 metros sobre el nivel del mar), respectivamente. Marek et al. [?6] y [100] tampoco
encontré cambios en las concentraciones de H202 luego de ejercicio submdaximo (6
minutos a 60 W + 5 min a 120 W) y mdximo (300 W) en cicloergdmetro. Sin embargo, un
estudio de Araneda et al. [14], observd un incremento del H202 y nitritos en el AEC de
corredores luego de competencias urbanas de 21 y 42.2 kilometros. Matsumoto et al. [101]
estudiando el ON- en el aire exhalado, observd un incremento en las concentraciones en
un ejercicio incremental hasta la fatiga. Maroun et al. [102] también encontrd incrementos
en el ON: durante el ejercicio incremental maximal en deportistas, pero no en sujetos no
deportistas. En otro estudio, Bonsignore et al. [94] encontraron incrementos en el ON-
exhalado luego de un maratén.

Algunos grupos de investigacion han estudiado los productos del estrés oxidativo luego de
realizar ejercicio, por ejemplo Radak et al. [103] observaron incrementos de grupos
carbonilos en pulmones de ratas después de una carrera en trotadora hasta la fatiga [103,
104] y malondealdheido en ratas que nadaron durante 20 minutos [105] (Prigol et al.,
2009). Asami et al. [106] encontraron incrementos de 8-OHAG en los pulmones de ratas
después de ejercicio forzado en trotadora. Sin embargo, Nowak et al. [93] no observd
diferencias en las concentraciones de especies reactivas de dcido tiobarbitirico (TBARS)
luego de ejercicio submdximo sobre un cicloergbmetro (120 W x 6 minutos).
Recientemente, Araneda et al. [14] no observaron variaciones en las concentfraciones de
MDA en el AEC de corredores de 10y 42.2 km.

Respecto a las defensas anfioxidantes, la CAT y SOD incrementaron su actividad en el
pulmdn luego de ejercicio agudo [107]. En ratas, Prigol et al. [105] encontrd un incremento
en la actividad de la CAT luego de que nadaron durante 20 minutos. Reddy et al. [108]
también observaron un incremento en la SOD vy glutation transfersa, sin embargo
encontraron una disminucion leve en la actividad de la glutatién peroxidasa en ratas que
nadaron hasta la fatiga.

La generacion de pro-oxidantes y dano oxidativo se encuentran relacionados con el
proceso inflamatorio. Como ya se nombrd anteriormente, las células inmunes son
reconocidas como fuente de pro-oxidantes (Bréchard and Tschirhart et al., 2008). El
incremento de sustancias pro-inflamatorias  (citoquinas y derivados del dcido
araquidénico) y en la activacién de células inmunes se encuentra bien documentado

[109]. En el contexto inflamatorio, el ejercicio agudo ha demostrado incrementar la
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actividad de las células inmunes, sobre todo cuando este resulta extenuante. Bonsignore
et al. [94] reportd un nivel mds elevado de leucocitos polimorfonucleares en el esputo
inducido de corredores luego de una maratén. Ademds, Pucsok et al. [67] observd
incrementos en las concentraciones de protaglandina E2 y tromboxano B2 en el AEC de
competidores de judo después de ejercicio maximal en trotadora. En carreras de 21
kildbmetros se han reportado aumentos de la interlequina-8 en el sobrenadante de
muestras de esputo inducido [98].

Por ofro lado, se ha observado una inflamacién persistente como efecto crénico del
ejercicio en algunos grupos de deportistas. De esta forma, estudios han observado un
incremento en las concentraciones de células polimorfonucleares, interlequina-8,
leucotrienos E4 e histamina en el sobrenadante de muestras de El [Denguezli et al. 1998].
Sujetos que han parficipado en enfrenamientos de alto rendimiento obtuvieron valores
mdas bajos de pH en el AEC respecto a grupo control [110]. En biopsias bronquiales de
esquiadores, se observd un incremento en la cantidad de neutrdfilos, eosindfilos,
macréfagos y linfocitos T comparado con control [92]. Existe una estrecha relacion en
ambas direcciones entre la produccion de pro-oxidantes junto con la produccién vy

activacion de mediadores, y células inflamatorias [111], y el pulmdn no es la excepcion.
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2. Objetivos

A pesar de toda la evidencia observada, aun es necesario estandarizar las cargas vy
duracion del esfuerzo realizado, las caracteristicas del muestreo, almacenamiento,
técnicas de andlisis, entre otras. Para poder resolver algunas de estas dudas y descubrir
algo mds sobre los efectos oxidantes e inflamatorios del ejercicio sobre el pulmdn, se han

propuesto los siguientes objetivos:

2.1 Objetivo 1(Articulo Cientifico 1)

Dar a conocer toda la informacidn cientifica actualizada existente sobre la produccion de
pro-oxidantes e inflamacién pulmonar inducida por ejercicio en modelos animales y
humanos sanos (deportistas o no deportistas), clasificdndolos segun las caracteristicas de

ejecucion del ejercicio en agudo o crénico (entrenamiento).

2.2 Objetivo 2 (Articulo Cientifico 2)

Evaluar los efectos de la intensidad y duracién de un ejercicio agudo en terreno sobre la
produccion de pro-oxidantes e inflamacion pulmonar de deportistas recreativos sanos,

medidos en el aire exhalado condensado.

2.3 Objetivo 3 (Articulo Cientifico 3)

Evaluar los efectos de la intensidad y duracidon de un ejercicio agudo en condiciones
controladas de laboratorio, sobre la produccion de pro-oxidantes e inflamacion pulmonar

de sujetos sanos activos, medidos en el aire exhalado condensado.
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3. Informe del Director sobre los Articulos Cientificos
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la Tesis Doctoral presentada por Marcelo Rodolfo Tuesta Roa, hacen constar que el
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casos como actor principal, en la redaccién de los manuscritos y en el proceso de revision
por pares determinado por las revistas cientificas.
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4. Articulos Cientificos

A continuacién se exponen 3 articulos cientificos derivados de esta tesis:

+ El primero es una revisién bibliogrdfica (articulo cientifico 1), aqui se han
descrito los los efectos y mecanimos implicados en la produccién de pro-
oxidantes, dafo oxidativo e inflamacién pulmonar inducidos por ejercicio fisico.
Los desencadenantes de ambas respuestas fisiopatoldgicas son el enfriamiento
de las vias respiratorias, la evaporacion de fluidos de la superficie epitelial, el
aumento del contacto con sustancias contaminantes y la activacion de la
respuesta inflamatoria local y sistémica. Esta revision contiene el mds amplio
cuerpo de evidencia cientifica sobre los efectos del ejercicio en la respuesta
oxidativa e inflamatoria en sujetos sanos con distintos niveles de entrenamiento
fisico, incluyendo diferentes tipos de ejercicio en términos de duracion e
intensidad, efecto agudo y/o crénico, y la influencia de condiciones
ambientales especiales tales como clima frio, altitud y contaminacién del aire.
Los resultados que fueron recolectados desde los articulos cientificos se
obtuvieron desde participantes (animales o humanos) que formaron parte del
grupo experimental, control o placebo, siempre y cuando cumplieran con la
condicién de ser normales sanos. Los niveles de pro-oxidantes y antioxidantes,
productos del dano oxidativo a las biomoléculas y celularidad, asi como los
niveles de mediadores solubles de la respuesta inflamatoria y sus efectos sobre
los tejidos, se describen en todos los tipos de muestras pulmonares, incluyendo
las invasivas como los homogeneizados de tejido pulmonar, liquido de lavado
broncoalveolar y biopsias, otra semi-invasiva como el esputo inducido y otras
no invasivas derivadas del aire exhalado (AE y AEC). En el documento se
destaca la masificacién del uso del AEC como una técnica no invasiva vy
confiable, principalmente en humanos. Por Ultimo, se destaca la necesidad de
explorar simultdneamente los pardmetros oxidativo e inflamatorio para
comprender la interrelacién entre ellos y el aporte individual al proceso.

» Elsegundo fue un experimento orientado a observar el efecto de la intensidad
de un ejercicio fisico sobre la instauracién de un proceso oxidativo e
inflamatorio en el pulmdn de sujetos sanos levemente entrenados (articulo
cientifico 2). Para esto se estudiaron las variables oxidativas e inflamatorias en
sujetos que readlizaron ejercicio a alta intensidad, esto es una carrera de 10
kildbmetros al aire libre. Aqui se compararon los niveles de perdxido, nitrito,
malondealdeido y pH antes del ejercicio con los valores obtenidos 20 y 80
minutos luego de su finalizacién. De esta forma, se describen los efectos de un
ejercicio intenso y del tiempo pos-gjercicio. Aqui se observaron los aumentos
en los pro-oxidantes pulmonares con la técnica de AEC, pero no en el plasma
sanguineo, los cuales ocurrieron a mayor tiempo pos-ejercicio (80 min). A pesar
del aumento de estas especies, no hubo aumento de la lipoperoxidacion ni
descenso significativo del promedio del pH, sin embargo se observé una
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tendencia al descenso de este Ultimo a mayor oxidacién. Por Ultimo, este
estudio ayudd a demostrar el efecto localizado (pulmonar) del ejercicio,
gatilado al parecer por los efectos de la hiperventilacion descritos
previamente sobre el epitelio respiratorio.

El tercero fue un experimento que tenia por objetivo estudiar la oxidacién e
inflamacion pulmonar inducida por ejercicio (articulo cientifico 3), observando
los efectos de la duracién (controlando la intensidad). Para esto se
compararon los niveles de pro-oxidantes y pH antes y después (80 min) de un
ejercicio de baja intensidad (~30% VO2 max). Aqui se pudo observar que una
mayor ventilacion y consumo de oxigeno, debido a una mayor duracién, se
encuentran relacionados con el aumento en la produccién de pro-oxidantes,
pero no de la inflamacion pulmonar. Pareciera que esta Ultima se ecuentra
relacionada a ofros aspectos del ejercicio, principalmente ambientales y
mayor intensidad. Asimismo, el efecto localizado en el pulmdn fue confirmado,
reafirmando la idea de utilizar el ejercicio como un modelo de oxidacion
pulmonar, para el estudio entre otros, de mecanismos antioxidantes.
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4.1 Articulo Cientifico 1: Update on the Mechanisms of Pulmonary

Inflammation and Oxidative Imbalance Induced by Exercise (Objetivo

1)

Review Article

Update on the Mechanisms of Pulmonary Inflammation and Oxidative Imbalance Induced
by Exercise

O. F. Araneda,' T. Carbonell,2 and M. Tuesta?3

Laboratorio Integrativo de Biomecdnica y Fisiologia del Esfuerzo (LIBFE), Escuela de
Kinesiologia, Facultad de Medicina, Universidad de los Andes, Monsefior Alvaro del Portillo
12455, Las Condes, 7620001 Santiago, Chile.

2Facultad de Biologia, Laboratorio de Fisiologia e Inmunologia, Universidad de Barcelona,
Avenida Diagonal 643, 08028 Barcelona, Spain.

3UDA Ciencias de la Salud, Facultad de Medicina, Pontificia Universidad Catdlica de Chile,
Avenida Vicuna Mackenna 4860, Macul, 7820436 Santiago, Chile.

Oxidative Medicine and Cellular Longevity
Volume 2016 (2016), Article ID 4868536, 23 pages
http://dx.doi.org/10.1155/2016/4868536
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Abstract

The mechanisms involved in the generation of oxidative damage and lung inflammation
induced by physical exercise are described. Changes in lung function induced by exercise
involve cooling of the airways, fluid evaporation of the epithelial surface, increased
contact with polluting substances, and activation of the local and systemic inflammatory
response. The present work includes evidence obtained from the different types of exercise
in terms of duration and intensity, the effect of both acute performance and chronic
performance, and the influence of special conditions such as cold weather, high altitude,
and polluted environments. Levels of prooxidants, antioxidants, oxidative damage to
biomolecules, and cellularity, as well as levels of soluble mediators of the inflammatory
response and ifs effects on tissues, are described in samples of lung origin. These samples
include tissue homogenates, induced sputum, bronchoalveolar lavage fluid, biopsies, and
exhaled breath condensate obtained in experimental protocols conducted on animal
and human models. Finally, the need to simultaneously explore the oxidative/inflammatory

parameters to establish the interrelation between them is highlighted.
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I. Infroduction

When doing physical exercise, the usual levels of organic performance are exceeded.
However, we are designed to execute the exercise, depending on its variety, duration,
intensity, and the environmental conditions under which it is done. The physiological and
pathological processes will be activated, which can lead to the generation of an oxidative
imbalance and the establishment of an inflammatory process [1, 2]. The oxidative damage
happens as an additional cost of using oxygen to obtain energy and can occur when
there is an increase in the formation of prooxidants and/or when the antioxidant defense
decreases, causing an alteration of tissue product functionality of the structural damage to
all the cellular components that contain lipids, carbohydrates, proteins, and nucleic acids
[3]. Another response mechanism to physical stress is inflammation, which is friggered as a
reaction to the mechanical damage of structural components (connective fissue; muscle,
tendon, and bone) and nonstructural components (erythrocytes, endothelium, and
epithelia) of the body [4-8]. As a result, stress hormones are released, such as cortisol and
catecholamines, which activates the immune system, causing a particular response profile
based on the release of soluble mediators (cytokines) and arachidonic acid derivatives
(prostaglandins and leukotrienes). The latter and the stress hormones will cause changes in
the number and activation of leukocytes subpopulations fo the point that infense exercise
of long duration can induce immune suppression (increasing the susceptibility fo infection)
[?]. in contrast to the exercise of moderate intensity, which boosts the immune response.
Both the alteration of the redox system and the inflammatory reaction have multiple points
of interaction that have been previously evidenced [10-12]. The study of
inflammatory/oxidative damage at a pulmonary level has been a topic poorly addressed
[13-15], particularly in healthy humans and even more so in athletes. Most of the
information in this subject arises from pathophysiology of pulmonary diseases, such as
asthma, cystic fibrosis, and chronic obstructive pulmonary disease [16-27]. The lung has the
crucial role of gas exchange and experiences great modifications of its activity during the
exercise. This mobilizes larger volumes of air and modifies the breathing pattern from nasal
to oral, increasing contact with a greater amount of pollutants that may be present in the
environment. Also, the lung receives a greater amount of blood flow to increase the
exchange in places that are well ventilated, which causes changes in the functioning of
the vascular parenchyma [28, 29]. However, the anatomo-functional characteristics of the
lungs make it very difficult to obtain information of the redox/inflammatory state in the

different sectors of this organ. This work brings together the scientific papers that have
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addressed the phenomenon of altered pulmonary redox/inflammation environment
induced by acute or chronic exercise, in a hypoxic environment, cold or contaminated, in
both animal and human models, by focusing on the protocols and mechanisms that

explain the phenomenon, as well as their potential implication on those who exercise.

2. Effects of Exercise on the Respiratory System and Ifs Relationship with the Generation of

Oxidative/Inflammation Damage

When exercising, the mobilized air flow or pulmonary ventilation increases. This is explained
by the increase of the respiratory rate, the tidal volume, and the appearance of
bronchodilation. In addition to this, the pulmonary vascular bed will vasodilate to receive a
greater blood flow. These changes, taken tfogether, aim to increase gas exchange. Large
air flows entering the lung during exercise will cause a modification of the breathing
pattern towards one predominantly oral, favoring the evaporation of the fluid covering the
pulmonary epithelium and the decrease of temperature of the airways. As a result, the
pulmonary passages will cool down and the osmolarity of the epithelium will increase [30].
It should be noted that the cooling of the pulmonary passages as a result of the
hyperventilation has been observed at comfortable environment temperature (+20°C)
[31]. In this way, McFadden Jr. and Pichurko [31] showed a decrease of the tracheal
temperature of 34°C at pulmonary ventilation of 15L/min and of 31°C at 100L/min. The
cooling of the airway by hyperventilation produced by exercise is homologous to
breathing cold air at rest. The latter is probably in the absence of air pollutants, the main
irritative/proinflammatory factor of this region of our body. In cold environments, there is a
greater amount of reports of respiratory symptoms [32] and chronic changes of epithelium
similar fo those of patients with chronically inflamed airways (e.g.. asthmatics). Some
authors observed, in humans, that the product of intense exercise appears to have similar
symptoms to those observed in infection of upper airways [33-35]. However, with moderate
fraining these symptoms decreased [36, 37]. It is probable that intense exercise of long
duration, such as a marathon, will increase the susceptibility to infection of the airway by
depression of the immune function, contrary to the effect caused by exercise of moderate
intensity. Another factor involved in the oxidative/proinflammatory process of the airway is
the greater contact with toxic particles and microorganisms present in the environment
due to hyperventilation by exercise [38-40]. For example, the damaging effect on lung
tissue of environmental substances such as chlorine, ozone, nitrogen oxides, particulate

matter, and pollen is recognized [14, 41-43]. The entry of these substances by the
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pulmonary route can potfentially generate systemic inflammation [44, 45] and this will
affect the lungs. Finally, another factor of the recognized destabilizing effect of the
oxidative balance and in favor of pulmonary inflammation is hypoxia [46, 47]. The general
framework for the development of functional changes of the lung by exercise, the

activation of the redox imbalance, and the inflammatory system are described in Figure 1.

Exercise
J

Bronchodilation
Hyperventilation Cold air
Hypoxia
— Allergens
Pollution

Airways irritation
Airways cooling
PELF evaporation
PELF hyperosmolarity

K
Prooxidants sources l Inflammatory system
XO/XR ~e Leukocytes
ROS Cytokines
Amines
> <~ ,, amine "
RNS Arachidonic acid derived
Pulmonary
cells

Antioxidants Anti-inflammatory

NN

Oxidative '
damage > Inflammation

N /
Tissue damage
Hypersecretion and cough

Airway hyperreactivity
Chronic inflammation

Figure 1. Proposed mechanisms related to the process of oxidative damage and
pulmonary inflammation induced by exercise. Once the exercise starts the
pulmonary ventilation increases and favors bronchodilation. This cools the
airways, and also the part of PELF evaporates with subsequent increase of
osmolarity and irritation appears. This activates the generating sources of free
radicals and the inflammatory system. As a result of the foregoing, oxidative
damage and a concomitant inflammatory process are potentially generated at
pulmonary cell level; this may involve tissue damage, the increase of cough and
the increased secretion of mucus, and the appearance of bronchoreactive
phenomena and in the case that this stimulus is repeated (chronic exercise) to
establish a process of chronic inflammation and remodeling of pulmonary tissue,
particularly in the airways. This process is exacerbated when the exercise is
performed in the presence of environmental conditions such as cold and
hypoxia, in environments where pollen is abundant or in presence of
contaminants (water/air). In red color the prooxidants sources and the parts of
the inflammatory system that have not been studied are both appreciated.
XO/XR = xanthine-oxidase/dehydrogenase; NOS = nitric oxide synthase; NOX =
NADPH oxidase; PELF = pulmonary epithelial lining fluid.
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3. Changes in Pulmonary Redox State and Exercise-Induced Inflammation

As mentioned previously, physical exercise induces changes in the redox/inflammatory
state of the organism, at both systemic level and the different organs. In this regard, lung is
one of the less studied organs in this context. In the following paragraphs, the most relevant
results regarding pulmonary oxidative damage and inflammation caused by exercise are
summarized. In this review, the work carried out in healthy subjects was privileged.
Regarding the special conditions, hypoxia, water contaminants (chlorine), and cold have
been included, leaving aside air pollutants, because there are several reviews regarding
this subject [48, 49]. The details of the studies included in terms of goals, characteristics of
the sample, the protocol used, and the results related to the pulmonary
oxidative/inflammation damage by exercise are summarized in Tables 1 and 2 for human

and animals, respectively.

4. Pulmonary Redox Balance and Acute Exercise

A direct relationship has also been reported during exercise, between the acute exercise
intensity and the volume of exhaled nitric oxide (VNO), namely, volume minute (VE)
multiplied by exhaled nitric oxide (eNO), for sedentary healthy [50, 60, 68, 69, 71, 82, 85—
87, 90] and frained subjects [75, 89]. During exercise, eNO have been reported to be
decreased when increasing VO2 [59,75] and VE [75] in sedentary and active subjects
[51, 60, 68, 69, 75, 82, 85, 86, 92]. In athletes, unlike Maroun et al. [75], Kippelen et al. [68]
showed changes in eNO during exercise. In animal model, while exercising healthy horses,
Mills et al. [112] observed a linear increase of the VNO as the oxygen consumption
increased. After exercise, nifric oxide concentrations have shown controversial resulfs. In
swimmers, Bonsignore et al. [57] reported a decreased eNO after 5km (~179 min) in slightly
chlorinated pool; when performing the same test af the sea no changes were observed in
this pair but the same distance was maintained at the sea. In other studies, also a
decreased eNO after exercise has been observed in healthy subjects [64, 70, 88, ?1].
However, in youngsters not trained in swimming, Carbonnelle et al. [58] found increases of
eNO after swimming 2 sessions of ~1300m in 45min in a pool sanitized with electrical
process (nonchlorinated water). Also, De Gouw et al. [61] found an increased eNO in
healthy subjects after cycling for 6 min using dry air, while ventilation was kept constant in
40-50% of his or her predicted maximal voluntary ventilation (35 x FEV:). Other studies

showed no changes in the eNO after exercise; Font-Ribera et al. [65] found no differences

29



Articulo Cientifico 1

in eNO concentrations in pool swimmers; the same occurred with eNO in swimmers after
an exercise of 45 min [81] and in healthy subjects after either cycloergometer [66, 94] or
freadmill incremental exercise test [80].

Through the exhaled breath condensate (EBC) analysis, to observe the oxidative effects of
the moderate acute exercise, Nowak et al. [79] subjected a group of healthy subjects to a
submaximal exercise on cycloergometer during ~6min; they found no changes in
H202 and thiobarbituric acid reactive substances (TBARs). Araneda et al. [46] found no
changes of H202in EBC after three maximal cycle ergometries of 1 min in elite cyclists
carried out at 670 and 2160 masl, but malondialdehyde (MDA) was higher at 2160 meters.
Marek et al. [72]. in two submaximal cycle ergometries to 60 W (~7 min) and 120 W (~5min),
and later in maximal exercise (~13 min), found no differences in H2O2 concentration in EBC
[73]; however, in both studies, increases were found in the flow of formed H.O: after
exercise. On the same prooxidant, Mercken et al. [76] found an increase after maximal
cycle ergometry in healthy subjects, with increments of 10 w/min, but they did not find any
differences in subjects with chronic obstructive pulmonary disease after exercise. However,
in another study they found no differences in H2O2 when healthy subjects performed a
cycle ergometry with one leg (40% of maximum power output) during 20 min [77]. Marek et
al. [74] found fthat, after 50min of high infensity running developed at ~18°C of
environmental temperature, the concentration and production rates of H202 in EBC were
higher when the exercise was carried out in a cold environment. Recently an increase in
H202 and nitrite concentrations and correlations between both metabolites in the EBC of
21 and 42.2km race participants were found. Also in this study, while nitrite increased in
EBC, plasmatic nitrite showed no modifications and no correlations between these

variables, which suggests a probable localized origin of this process [53].
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Table 1: (a) Human studies on lung oxidative stress and inflammation induced by acute exercise. (b) Human studies on lung oxidative stress and inflammation induced

by chronic exercise.

Author, year

Adachi et al.
1997 [50]

Agostoni and
Bussoftti 2003
[51]

Araneda et al.

2005 [46]

Araneda et al.

2012 [52]

Araneda et al.

A

m

eNO and VNO in
patients with CHF
during exercise

Correlation between
eNO and lung
mechanics during
exercise in CHF

Lung oxidative
damage from exercise
at a medium altitude

Duration of a long
distance exercise on
pulmonary oxidative
damage

Pulmonary oxidative

Sample’s characteristics

CHF patients and healthy
control subjects (C)

CHF patients and healthy
control subjects (C)

Highly frained mountain
bikers

Amateur runners

Healthy active subjects

(a)

Exercise protocols

Maximal incremental cycloergometer test in
CHF patients (10 W/min) and C (25 W/min)
until exhaustion

25-W constant workload exercise cycle-
ergometry test

Three repetitions of cycle-ergometries of
1 min at maximum infensity in 670 and
2160 MASL with breaks of 1 min

Urban 10 km (~53 min), 21 km (~101 min),
and 42.2 km races (~246 min)

10 km race in outdoor athletic track

Samples
obtained

EB

EB

EBC and
serum

EBC

EBC

Oxidative or inflammatory
main results

DE: 1 VNO during exercise
peakin C

DE: | eNO during 3rd and 5th
minutes of exercise in C

PE: 1 [MDA] in EBC, with no
changes in serum at
2160 MASL

PE: 1 [H202] and 1 [] in 21 km
and 42.2 km races and no
changes in [MDA]; there was
a tendency to | of pH

PE: 1 [H202], T with no
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2014 [53]

Bikov et al. 2010
[54]

Bikov et al. 2014
[55]

Bonsignore et
al. 2001 [5¢]

Bonsignore et
al. 2003 [57]

Carbonnelle et
al. 2008 [58]

damage in long
distance exercise

Changes in [Cys-LTs]
caused by exercise in
asthmatic patients

Changes in during EIB
in asthmatic patients

Endurance exercise on
inflammatory cells in
AWs and eNO

Swimming on
inflammatory cells and
eNO in the AWs

eNO after swimming
sessions

Nonsmoking asthmatic
patients (A) and
nonsmoking healthy
conftrol subjects (C)

Asthmatics, who reported
breathlessness following
exercise, and healthy
conftrol subjects (C)

Amateur runners

Swimmers (S) and healthy
control subjects (C)

Trained healthy young
people, not frained with
swimming

(~50 min)

Race on treadmill at a speed and slope
maintaining 80-90% (220 — age), which was
regulated in 2 min and then maintained
during 6 min

Exercise challenge test on a treadmill
(details were not described by authors)

Marathon race (~179 min)

Swimming of 5km only in the swimmers
group, an open pool series (~70 min) and
other series in the sea (~54 min)

Swimming in 2 sessions of 45 min (~1300 m),
in a disinfected pool with [NaCIO] and
another sanitized with electrical process

EBC

EBC and
EB

IS and EB

IS and EB

EB
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changes in the [MDA]; there
was a tendency to 1 of pH

PE: with no changes in [Cys-
LTs] in C, but 1in A

PE: no change of pH in EBC in
C

PE: 1 PMNin IS and 1 eNO in
EB

B: >PMN and <M@ in the IS of
Sversus C

PE: 1 eosinophils, 1
lymphocytes, and | M@ in
the sea versus swimming
pool; eNO was > in the seain
comparison fo swimming
pool

PE: 1 eNO only in sanitized
pool
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Chimenti et al.
2009 [40]

Chimenti et al.
2010 [5]

Chirpaz-Oddou

et al. 1997 [59]
Clini et al. 2000
[60]

De Gouw et al.
2001 [61]

Denguezli-
Bouzgarrou et

Inflammation of the
AWSs in urban races in
different climatic
seasons

Damage and
inflammation of the
lung epithelium in a
long distance exercise

eNO and VNO during
exercise

To evaluate eNO
during exercise in
patients with stable
COPD

Role of eNO in the
airway response to
exercise by using L-
NMMA, L-arginine, or
placebo as
pretreatment to
exercise challenge

Endurance exercise
and inflammatory cells

Amateur runners

Amateur runners and
healthy control subjects

Healthy control and
frained subjects

COPD patients and
healthy control subjects
(C)

Asthmatic patients and
healthy control subjects
(C)

Long-distance runners

21 km race in autumn (~89.1 min), 12km
race in winter (~46.1 min), and 10km race in
summer (~35.4 min)

20 km outdoor races (~90 min)

Incremental cycloergometry to exhaustion
with 5 min of passive recovery in sedentary
subjects (3 ~30 min and 2 ~20 min) and
frained subjects (~14 min)

Maximal cycle-ergometry test (cadence:
60 cycles/min and load: 10 W/min) until
exhaustion

Cycle-ergometry for 6 min using dry air,
while ventilation was kept constant in 40—
50% of his or her predicted maximall
voluntary ventilation (35 x FEV;)

Races on freadmill at 80% of MAS (~40 min)

IS

IS and
serum

EB

EB

EB
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B: 1 PMNs with 1 [TNF-a] and 1
[IL-8]
PE: PMNs tended to 1

PE: 1 [IL-8]inISand 1 CC16in
serum

DE: | eNO progressive with 1
exercise infensity from 65%
VO2max and 1T VNO with the
1 of the intensity of exercise >
30 W in all subjects

DE: | eNO at peak exercise
and 1 VNOin C

PE: 1 eNO 30 min after
exercise in C

PE: 1 PMNs, | M@, and 1
lymphocytes
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al. 2006 [62]

Denguezli-
Bouzgarrou et
al. 2007 [63]

Evienth et al.
2013 [64]

Font-Ribera et
al. 2010 [65]

Garcia-Rio et
al. 2006 [64]

Hopkins et al.

of the AWs

Inflammatory
mediators, cellular
composition in AWs,
and acute exercise
during a sports season

To investigate the
effect on of a
standardized exercise
challenge test on a
freadmill

Inflammation and
postexercise
pulmonary oxidative
stress

before and after
exercise challenge in
patients with asthma
and its relationship with
airway obsfruction

Pulmonary capillary

Long-distance runners

Nonasthmatic children
with and without allergic
rhinoconjunctivitis (AR)
symptoms

Healthy subjects

Nonsmoking, steroid-
naive, atopic patients
with mild persistent

asthma and nonsmoking,

nonatopic, healthy
subjects (C)

Athletes with signs of

Race at 80% MAS during the basic,
precompetitive, and competitive period of
a sport season in 1 year (~60 min)

Run on treadmill (6 to 8 min); heart rate
target during the last 4 min was 95% of
predicted maximum heart rate (220 - age)

Swimming in a chlorinated indoor-swimming
pool (40 min), whose average speed was
22.5%+ 9.7 m/min

Performing an exercise challenge on a
cycloergometer, with monitored ventilation
(exercise parameters were not presented)

4km cycling with 12% hill sloping during

EB

EBC and
EB

EB

BALF

Articulo Cientifico 1

PE: 1 PMNs in the
precompetitive and
competitive period. 1 M@ in
the precompetitive period;
also, 1 [histamine], 1 [IL-8]. T
[LTB4], and 1 [LTE4] in the
competitive phase

PE: | eNO in nonasthmatic
children without allergic
rhinoconjunctivitis

PE: no changes of eNO in EB;
[RANTES], [IL-12p70], [IFN-y],
[IL-4], [IL-8], [IL-10], [IFN-y-
induced protein 10], [TNF],
[VEGF], and [8-isoprostane] in
the EBC were not modified

PE: with no changes in eNO
of healthy subjects

PE: >alveolar M@, >[LTB4],
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1997 [67]

Kippelen et al.
2002 [68]

Larsson et al.
1998 [32]

Lovell et al.
2000 [69]

Mantione et al.

2007 [70]

Matsumoto et
al. 1994 [71]

pressure and function
of the alveolar-
capillary barrier during
intense exercise

eNO levelin
endurance-trained
athletes during and
after intense exercise

Cold air and
inflammation in the
AWSs during rest and
exercise

eNO and incremental
exercise test in chronic
congestive cardiac
failure

eNO breath levels just
before engaging in
their respective activity

eNO and VNO during
exercise

hemoptysis by exercise
and healthy control
subjects

Nine athletes with
exercise-induced
hypoxaemia (EIH), 12
athletes without EIH, and
10 untrained subjects

Healthy subjects

Chronic congestive
cardiac failure patients
and healthy control
subjects (C)

Healthy conftrol subjects

Healthy subjects

~7 min

15 min infense cycling exercise at 90%
VO2max

Race on treadmill at —23°C and +22°C,

each with 4 stages with 15 min at moderate

intensity and 15 min of recovery

Performing Bruce protocol modified by
inclusion of an inifial 3 min stage at 5%
incline, later performing a constant
workload test (6 min at 2.7 km h-' and 5%
incline)

Going up and down the stairs on a 20-foot
staircase for 2 min

Cycle-ergometry at 100 W and maximum
intfensity with 5 min of recovery (~13 min)

EB

BALF

EB

EB

EB

Articulo Cientifico 1

and < lymphocytes in
athletes versus control
subjects

DE: | eNO and 1 VNO (last 3
minutes) in all groups

PE: at —=23°C 1 granulocytes
and 1 M@; no changes in [IL-
8]

DE: | eNO and 1 VNO during
Bruce festin C; 1 VNO during
constant workload test

PE: | eNO 1 minute after
exercise

DE: 1 VNO at 100 W and at
maximum pedaling intensity
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Marek et al.
2008 [72]

Marek et al.
2009 [73]

Marek et al.
2013 [74]

Maroun et al.
1995 [75]

Mercken et al.

2005 [76]

Mercken et al.

2009 [77]

Morici et al.
2004 [78]

[L-lactate] and [H204]
during exercise

Maximal exercise,
H2Ozrelease rate, and
acid-base status

Exercising in cold
weather and release
of

Physical condition and
release of eNO during
exercise

Exercise-induced
oxidafive stress in
COPD

Pulmonary oxidative
stress by endurance
exercise in COPD and
healthy subjects

VE during exercise and
inflammation in the
AWs

Healthy subjects

Amateur athletes

Healthy subjects

Healthy sedentary
subjects (S), active
subjects (Ac), and
athletes (A)

COPD patients and
healthy control subjects
(C)

COPD patients and
healthy control subjects

Young rowers

Cycle-ergometer steady-state exercise at
60W (~7min) and 120 W (~5 min)

Incremental cycloergometry to exhaustion
(~13min)

Races on treadmill at 75-80% at ~18°C and
~=15°C (~50 min)

Cycle-ergometries in steady-state at 1 and
2 L/min of VOz20nly performing an additional
one at 4L/min of VO2

Incremental cycle-ergometry exercise test
until exhaustion and submaximal constant
work rate exercise test (60% maximal power
output)

Cycle-ergometry on one leg at 40% of
maximum power output (20 min)

Maximal run of 1000 m on the rower
ergometer (~3min)

EBC

EBC

EBC

EBC

EBC

Articulo Cientifico 1

DE: 1 [L-lactate] and 1 [H202]
in 60W and 120 W

PE: 1 [H202] with no changes
in pH

PE: 1 [H202] and 1 rate of
H20Oz2 release in both
temperatures

PE: | eNO at >VO2in S and
Ac; 1 lineal of VNO with 1
VO2in A

PE: 1 [H202] in maximal but
not in submaximal exercise in
C

PE: 1 [H202] in COPD patients
but not in healthy confrol
subjects

DE: 1 tendency in epithelial
cells at a higher VE
PE: 1 M@ with both 1 VE/kg
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Nowak et al.
2001 [79]

Nadziakiewicz
et al. 2006 [80]

Pedersen et al.

2009 [81]

Pogliaghi et al.

1997 [82]

Pucsok et al.
2007 [83]

Riediker and
Danuser 2007
(84]

Prooxidants and
oxidative damage by
moderate exercise

Effects of the physical
activity on eNO levels
in healthy subjects and
in CAD patients

Inflammation in the
AWs after 1-exercise
session

VNO after modifying
pulmonary blood flow
with head-out water
immersion or increased
gravity at rest and
during exercise

Lung PGE; and
TXB2 and exercise

Low-intensity physical
activity and pH

Healthy subjects

CAD patients and healthy
control subjects smokers
and nonsmokers

High performance
swimmers

Nonsmokers and healthy
subjects who underwent
air with normal conditions,
water immersion, or
increased gravity (1 Gz or
2Gz)

Judo competitors

Healthy subjects

Cycle-ergometer exercise test at 120 W
during 6 min or until a HR of 120 bpm is
reached

Bruce protocol exercise test

Swimming in indoor-swimming pool at
moderate intensity (45 min) whose average
heart rate was 162 bpm

Incremental cycle-ergometry test, loading
was increased progressively by 50 W every
3 min unfil voluntary exhaustion

Incremental run on treadmill until VOmax is
reached (run time was not recorded)

Walk on freadmill at 60% maximal predicted
heart rate with 1 min pause every 10 min
(~30 min)

EBC

EB

EBC and

IS, EB

EB

EBC

EBC

Articulo Cientifico 1

and 1 VT/kg

PE: with no changes in [H202]
and [TBARs]

PE: without changes in eNO
in healthy confrol subjects
nonsmokers

PE: no changes in the cellular
composition in IS, eNO in EB,
nor pH in EBC of swimmers

DE: | eNO and 1 VNO in alll
groups

PE: 1 [PGE2] and 1 [TXB2] in 3,

but notin @

PE: 1 pH
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Riley et al. 1997
[85]

Rolla et al. 2003
[86]

Shin et al. 2003
(87]

St Croix et al.
1999 [88]

Therminarias et
al. 1998 [89]

Trolin et al. 1994
[90]

NO productionin
patients with
abnormalities of the
pulmonary circulation

Relationship between
eNO and exercise
tolerance in patients
with moderate MS

Relationship between
exercise and NO
exchange

Effect of exercise on
endogenous NO
formation by
measuring eNO at a
constant airflow rate

Exercise in cold air on
eNO and VNO

eNO and VNO during
exercise

PPH (primary pulmonary
hypertension), PF
(pulmonary fibrosis), and
normal subjects group

Patients with moderate
MS and healthy control
subjects (C)

Nonsmoking healthy
adults

Healthy, nonasthmatic,
and nonsmoking subjects

Highly frained subjects
(cross-country skiers,
friathlon, and running)

Healthy subjects

Maximal (20 W/min in the normal subjects
and 15 W/min in the PF patients and
individual estimated exercise folerance in
PPH patients) and submaximal constant
work rate cycle-ergometry exercise test
(work rate VO2 midway between each
patient's anaerobic threshold and VO.max)

Symptom-limited incremental exercise test
with an upright cycle-ergometer (25 W
every 3 min until exhaustion)

High-intensity exercise treadmill test at 90%
of the predicted maximum heart rate (220 -
age in years) for 20 min

3 min of constant-load cycle-ergometry
exercise test at three different exercise
intensities corresponding to 30%, 60%, and
90% VO2max

Incremental cycloergometry to exhaustion
in a climate chamber at +22°C and —10°C
(~30 min)

Moderately heavy exercise on a
cycloergometer (¢: 90 W for women and 3:

EB

EB

EB

EB

EB

EB
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DE: | eNO and 1 VNO in
normal subjects at peak
exercise in maximal and
constant work rate exercise
test

DE: | eNO and 1 VNO in alll
groups at the end of exercise

PE: 1 VNO

PE: | eNO and 1 VNO for all
intensities of exercise in
healthy subjects

DE: | eNO with the 1 of the
infensity >60 W in +22°C and 1
VNO with the 1 of the
intfensity >30 W in both
temperatures

DE: | eNO
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Tufvesson et al.

2013 [91]

Verges et al.
2006 [92]

Wetter et al.
2002 [93]

Yasuda et al.
1997 [94]

Zietkowski et al.

2010 [95]

Relationship between
CC1élevels in plasma
and urine after
exercise with exhaled
breath temperature
and eNO

Effect of prolonged
exercise on the NO
concentration in the
lung

EIAH and pulmonary
inflammation

To examine the origin
and role of eNO during
exercise

To assess the possible
association of EIB with
low-grade systemic
inflammation in
asthmatic patients

Asthmatic and healthy
confrol subjects

Nonsmokers undertaking
a moderatfe to intense
fraining program
participated in the study

Endurance athletes with
EIAH who used anti-
inflammatory or placebo

Healthy conftrol subjects

Asthmatics (14 with EIB, 10

without EIB) and healthy
volunteers

150 W for 3)

During first six minutes speed and slope were
adjusted to maintain the heart rate subject
to 90% of their theoretical maximum heart
rate (220 — age); the next two minutes were
adjusted again to reach maximum effort

100 min exercise test was performed on a
cycle-ergometer (5 min of rest, 30 min
warm-up at 25% Wmax, 10 min at

60% Wmayx, 2 min at 25% Wmax repeated
five times (S1 to $5), and 10 min of active
recovery at 25% Wmax)

Maximal incremental run on treadmill to
exhaustion (~18 min)

Two sets of 10 minutes in a cycle-ergometer
(5 min without load and 5 minutes with 60 W
and 60 RPM) separated, with 15 minutes
between them

Cycle-ergometer test for 9 min with a fixed
workload adjusted to increase the heart
rate to 85% of the maximum predicted for
the age of each patient

Articulo Cientifico 1

EB PE: | eNO in both groups

DE: | eNO for all exercise
EB sessions (WU, S1 fo S5, and
active recovery)

PE: with no PMNs,
IS lymphocytes, nor M@; 1
[Histamine] in placebo

EB DE: with no changes in eNO

PE: with no changes in hs-

EB
c PCR in healthy volunteers
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AWSs: airways; BALF: bronchoalveolar lavage fluid; CAD: coronary artery disease; CC16: Clara cell secretory protein; CHF: chronic heart failure; COPD: chronic
obstructive pulmonary disease; Cys-Lts: cysteinyl leukotrienes; EB: exhaled breath; EBC: exhaled breath condensate; EIAH: exercise-induced arterial hypoxemia; EIB:
exercise-induced bronchoconstriction; eNO: exhaled nitric oxide; : fractional exhaled nitric oxide; : bicarbonate; H202: hydrogen peroxide; HRmax: maximum heart
rate; IFN-y: inferferon gamma; IFN-y-induced protein-10: interferon-gamma-induced protein-10; IL-12p70, IL-4, IL-8, and IL-10: inferleukin-12p70, interleukin-4, interleukin-8,
and inferleukin-10; IS: induced sputum; L-NMMA: N-monomethyl-L-arginine; L-lactate: lactate; LTB4: leukotriene By; LTE4: leukotriene Es; M@: macrophages; MAS: maximal
aerobic speed; MS: mitral stenosis; MDA: malondialdehyde; MPO: myeloperoxidase; MASL: meters above sea level; NaCLO: sodium hypochlorite; : nitrite; NO output:
nifric oxide oufput (eNO x VE); PGE2: prostaglandin Ez; : maximal power output; RANTES: regulated upon activation, normal T-cell expressed, and secreted; TBARs:
thiobarbituric acid reactive species; TNF(-a): tumor necrosis factor (alpha); TXB2: thromboxane B2; Se: selenium; VE: minute ventilation; VEGF: vascular endothelial
growth factor; VNO: volume of nitric oxide; VOmax: oxygen uptake (maximal); VT: tidal volume. In “Oxidative or inflammatory main results,” DE: during exercise and PE:
postexercise. In “Aim,"” the effect of exercise was not the primary aim of the study.
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Author, year

Belda et al.
2008 [96]

Carraro et
al. 2006 [97]

Ferdinands
et al. 2008
(98]

Heinicke et
al. 2009 [47]

Aim

Type of sport (aquatic
or terrestrial) and cell
count

eNO in regular
attendance to
swimming pools

Exercise in
contaminated
environment and
inflammation

Pulmonary oxidative
damage and
prolonged stay in
medium height
fraining

Sample’s characteristics

Elite healthy athletes and
with asthma

Children swimmers
attending and control
children not attending the
swimming pool

Cross-country athletes and
healthy control subjects

Biathletes and sedentary
confrol subjects

(o)

Experimental protocols

Comparison of baseline samples
between healthy and asthmatic
athletes who practice water sports in
pools or terrestrially (T: ~20 h/wk, with
the exception of healthy subjects in
water with T: ~10 h/wk)

Comparison of baseline samples
between swimmers who attended a
swimming pool (1 h/week/6 months)
and control subjects

Comparison of baseline samples before
and after 10 workouts in 15d (~1 h/d)

Comparison of baseline samples
between biathlete (T: ~5h/wk) and
control subjects; both groups were
exposed to 2800 MASL during the 6
weeks

Samples
obtained

EB

EB

EBC

Articulo Cientifico 1

Oxidative or inflammatory
main results

There was a positive
correlation between PMNs
with fraining fime and water
sport in the pool

There were no differences in
eNO between both groups

<pH in cross-country athletes
compared to their control
subjects between their
respective sample fimes

[H202] and [8-isoprostane
PGF.a] with no differences
between groups; by
gathering data 1 [H202] and
tendency to 1 [8-isoprostane
PGF2q]
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Helenius et
al. 1998 [99]

Helenius et
al. 2002 [100]

Karjalainen
et al. 2000
[101]

Martin et al.
2012 [102]

Sue-Chu et
al. 1999 [103]

Sue-Chu et
al. 2000 [104]

AWs inflalmmation in
swimmers

Retirement from
swimming in relation
to AWs inflammation

Inflammatory cells in

skiers, mild asthmatics,

and healthy control
subjects

AWSs inflalmmation
and exposure to
swimming pool in
athletes

AWs inflalmmation in
skiers

Budesonide and AWs
inflammation in skiers

Elite swimmers and
nonathletic confrol
subjects

High performance
swimmers

Elite healthy skiers and
nonathletic control
subjects

Endurance athletes

Cross-country skiers and
nonathletic control
subjects

Elite cross-country skiers
with asthmatic symptoms
and budesonide or

Comparison of baseline samples
between swimmers (T: 800-
3380 km/year) and confrol subjects

Comparison of baseline samples
between active (T: ~1870 km/year) and
inactive swimmers (3 months of
inactivity)

Comparison of baseline samples
between skiers (T: 200-630 h/year) and
confrol subjects

Comparison of baseline samples of
pool based (5h/wk) and non-pool-
based (0.5 h/wk) athletes (T: ~15h/wk)

Comparison of baseline samples during
the competitive period, in autumn and
winter, between skiers (T: 435 h/year)
and control subjects

Comparison of baseline samples
among skiers, after 20 weeks of
supplementation with 800 ug/d

Endobronchial
biopsy

EB and IS

BALF

BALF and
endobronchial
biopsy

Articulo Cientifico 1

>Eosinophils, >PMNs, >[EPO],
and >[human neutrophil
lipocalin] in swimmers in
comparison to control
subjects

>eosinophils and
>lymphocytes in active
swimmers than inactive
swimmers

>lymphocytes-T (43 times),
>M@ (26 times), >eosinophils
(2 times), and >PMNs (2 times)
in skiers in comparison to
confrol subjects

PMNs and eosinophils in IS
and eNO in EB were not
different between groups

>total cells, >lymphocytes,
and >mast cells in skiers in
comparison to control
subjects, with no differences
in [TNF-a] and [MPQ]

Lymphocytes, M@,
eosinophils, PMNs, and mast
cells were noft different
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placebo supplementation budesonide (T: ~427 h/year) or placebo between groups
(T: ~468 h/year)

AWSs: airways; BALF: bronchoalveolar lavage fluid; EB: exhaled breath; EBC: exhaled breath condensate; EPO: eosinophil peroxidase; H202: hydrogen peroxide; IS:
induced sputum; 8-isoprostane PGF2a: 8-isoprostane prostaglandin F2 alpha; M@: macrophages; MPO: myeloperoxidase; NO: nitric oxide; PMNs: polymorphonuclear
neutrophils; T: fraining volume; TNF-a: tumor necrosis factor-alpha. In *Aim,” the effect of exercise was not the primary aim of the study.
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Table 2: (a) Animal studies on lung oxidative stress and inflammation induced by acute exercise. (b) Animal studies on lung oxidative stress and inflasmmation induced
by chronic exercise.

Author, year

Akil et al.
2015 [109]

Al-Hashem
2012 [104]

Caillaud et
al. 1999
[107]

Cathcart et
al. 2013
[108]

Aim

Se administration affects
lipid peroxidation in liver
and lung fissues of rats
subjected to acute
swimming exercise

VitE and VitC in protection
of pulmonary damage
induced by exercise in
altitude

Effect of acute exercise on
lipid peroxidation in lung
compared with locomotor
muscles

Effects of exercise during
different ambient
temperatures and humidity
on eNO, eCO, and pH

Sample characteristics

Sprague-Dawley adult
male rafs divide into
general control, Se-
administered, swimming
confrol, and Se-
administered swimming
groups

Wistar rafs with 6 months of
altitude adaptation

Wistar ratfs exercised (E)
and control rafs (C)

Thoroughbred racehorses

()

Exercise protocols

Swimming was performed once for
30 minutes

Forced swimming for 2.5 h in glass
fank at 600 and 2270 MASL in
accordance with altitude
adaptation

Race on treadmill at 28 m/min and
15% grade (80-85% VO2max) until
exhaustion (~66 min)

Exercised under saddle on an all-
weather 1.6 km track at half-pace
canter, full-pace canter, or gallop
according to the current fraining
regimen for each horse

Samples
obtained

Lung
fissue

Lung
fissue

Lung
fissue

EBC and
EB

Oxidative or inflammatory main
results

PE: 1 MDA and 1 GSH in swimming
confrol versus general control

PE: 1 [TBARs], | SOD, and CAT
activity at 600 MASL
Supplementation with VitE and VitC
reversed these results

PE: no changes of pulmonary
activity of SOD, CAT, and [MDA] of E
in comparison to C

PE: only 1 pHin EBC
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Hatao et al.
2006 [109]

Huang et al.

2008 [110]

Kirschvink et
al. 2002 [13]

Lin et al.
2005 [111]

Mills et al.
1996 [112]

Raddk et al.

Acute exercise and
antioxidant enzyme
activation in aged rats

Supplementation with L-Arg
on pulmonary inflammation
and oxidative damage
induced by exercise in
aged rafs

Oxidative state, pulmonary
function, and airway
inflammation in healthy
horses and with arcades

Oxidative stress and
antioxidant defenses in
animals supplemented or
not with L-Arg

eNO and VNO during
acute exercise

Acute anaerobic exercise

Young rats (YR) or aged rats
(AR) exercised (E) or not
exercised conftrol (C)

Sprague-Dawley rafs
exercised (E) or sedentary
(S) with L-Arg (+L-Arg) or
without confrol rats L-Arg
(C)

Trained healthy horses,
affected by arcades or
clinical remission

Sprague-Dawley rafs
grouped as exercised (E) or
sedentary (S) with L-Arg (+L-
Arg) or control rats without
L-Arg (C)

Healthy horses

Exercised Wistar rats (E) and

Race on treadmill at 25 m/min for
YRE and 18-20 m/min for ARE for
60 min

Race on treadmill for groups E at
~70% VO2max until exhaustion (time
for E+L-Arg and EC ~63 and ~51 min,
resp.)

Race on freadmill with 2 min fo 8,
9,and 10 m/s and 4% inclination,
stages interrupted by 2 jogs of 8 min
to 3.5m/s (10 min of warming up
and 10 min of recovery)

Race on treadmill for E groups at

20 m/min for 15 min and 25 m/min
for 30 min; then they run at 30 m/min
and 10% of inclination (70-75%
VO2max) until exhaustion (EC

~81 min and E+L-Arg ~87 min)

Maximal incremental race until
o9m/s

Two races on treadmills at 30 m/min

Lung
fissue

Lung
fissue

BALF

Lung
fissue

EB

Lung
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PE: T Mn-SOD activity in YRE and ARE
in comparison to their control
subjects; 1 CuZn-SOD and CAT
activity in YRE and | reactive
carbonyls derivative in ARE, in
comparison to their control subjects

PE: 1 [XO]. 1 [MPO], and 1 [MDA] in
EC in comparison to SC; with no
changes between EC and SC for
[SOD], [CAT], [GSH-Px], [GR], and
[GSH]

PE: 1 [UA] in healthy horses

PE: 1 activity XO and MPO in EC in
comparison to SC; 1 [UA], 1 [NO],
and 1 [MDA] in EC in comparison to
SC; 1 activity SOD and GR in EC in
comparison to SC

DE: positive correlation of eNO and
VNO with the race intensity

PE: >pulmonary carbonyls and
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1998 [113]
Reddy et al.
1998 [114]
Prigol et al.
2009 [119]
Terblanche
1999 [116]

and oxidative modification
of pulmonary proteins

Pulmonary oxidative
damage by acute
strenuous exercise in rats
deficient in Se and VitE

Supplementation with
(PhSe)2 and pulmonary
oxidative damage caused
by the exercise

Exhaustive swimming and
CAT activity in the lungs of
male and female rats

sedentary control rats (C)

Female Wistar albino rats
deficient in Se and VitE and
confrol rats

Adult Swiss albino mice
supplemented with

(PhSe)2 and not
supplemented control mice

Sprague-Dawley rafs

for 5 min; after 5 min of recovery, a
3rd race to exhaustion was
performed

Intense swimming to exhaustion

Swimming exercise (20 min) for both
groups after 7 d of supplementation

1 h swimming

fissue

Lung
fissue

Lung
fissue

Lung
fissue

Articulo Cientifico 1

[glutamine synthetase] in E versus C

PE: >[SOD] and <[GSH-Px] and
<[GST] in rats deficient in VIitE and in
comparison to confrol rats

PE: 1 [MDA] and 1 of CAT activity in
mice not supplemented with (PhSe)2

PE: 1 CAT activity in males and
females

BALF: bronchoalveolar lavage fluid; CAT: catalase; (PhSe)2: diphenyl diselenide; GR: glutathione reductase; GSH: glutathione reduced; GSH-Px: glutathione peroxidase;
GST: glutathione S-transferase; L-Arg: L-arginine; MASL: meters above sea level; MDA: malondialdehyde; MPO: myeloperoxidase; NO: nitric oxide; Se: selenium; SOD:
superoxide dismutase; CuZn-SOD: copper-zinc-superoxide dismutase; Mn-SOD: manganese-superoxide dismutase; TBARs: thiobarbituric acid reactive substances; UA:
uric acid; YVNO: volume of nitric oxide; XO: xanthine oxidase; VitE: vitamin E; VitC: vitamin C. In “"Oxidative or inflammatory main results,” DE: during exercise and PE:

postexercise. In *Aim,” the effect of exercise was not the primary aim of study.
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Author, year

Altan et al.
2009 [117]

Asami et al.
1998 [118]

Aydin et al.
2009 [119]

Chimenti et
al. 2007
[120]

Aim

SOD activity and [TBARS]
postadaptation by training in
altitude

DNA oxidative damage by
chronic exercise

Long period of dietary restriction
and stress produced by high
infensity swimming

Epithelial remodeling,
inflammatory cells, and
apoptosis in the AWs after

Sample characteristics

Wistar albino rats divided
info trained in hypobaria
(THb) and normobaria
(TNb) and nontrained in
hypobaria (Hb) and
normobaria (Nb)

Sprague-Dawley rats with
spontaneous (S), forced
(F) exercise and sedentary
confrol rats (C)

Sprague-Dawley rats with
restricted diet (RD) or ad
libitum (AL), grouped in
trained (+T), exercised
(+E), and sedentary
conftrol rats (C)

Trained Swiss mice (T) and
sedentary control mice
(C)

(o)

Exercise protocols samples
obtained

Comparison of baseline samples
between groups trained with
swimming (T: 5 at 30 min/day/for 4
days/week for 9 weeks) or Lung
nontrained and exposed or not to fissue
simulated alfitude of 3000 MASL
(E: 120 min/day for 4 days/week
for 9 weeks)
Comparison of baseline samples
among rats with spontaneous

. . Lung
exercise (wheel), tfrained on Hssue
freadmill (T: 30-90 min/day for 25
days), and control rats
Comparison of baseline samples
of RD and AL in +T (T: 8 weeks of
swimming with 2% BW as extra Lung
load during ~50-80 min), PE in +E fissue
(E: swimming until exhaustion),
and baseline C
Comparison of baseline samples

. . Lung

among trained mice (T: 5 d/week tissue

for 6 wk at moderate to high
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Oxidative or inflammatory main
results

PT: >SOD activity in INb in
comparison to Nb; no differences
in [TBARS] for the same groups

PT: >[8-OH-dG] in F in comparison
to S; the DNA oxidative damage
was related to the exercise
intensity

PT: <GSH activity and >GSH-Px of
AL+T compared to ALC; <LPO,
>GSH, and GSH-Px in AL+E that
AL+T

PE: 1 [MDA], | [GSH], | GR activity,
and 1 GSH-Px of AL+E compared to
ALC (acute effects)

PT: >apoptosis, >proliferation, >loss
of hair cells, and infiltration of
leukocytes in the AWs in T versus C
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da Cunha
et al. 2013
[121]

GUndUz et
al. 2004
[122]

Lee et al.
2013 [123]

Menegali et
al. 2009
[124]

Olivo et al.
2014 [125]

chronic exercise

Chronic exercise on oxidative
stress and NF-kp/pé5 pulmonary
immunocontent of rats with lung
injury

Oxidant and antioxidant
systems in rats organs after a
year of fraining

Administration of a ginseng
intestinal metabolite (IH201) and
exercise-induced oxidative
stress in trained rat

Therapeutic effects of physical
exercise on histological and
oxidative stress markers in
animals exposed to cigarette
smoke

Moderate aerobic exercise
fraining prior fo Streptococcus
pneumoniae infection

Trained Wistar rats (T) and
nontrained control rats (C)

Wistar albino rats grouped
in young confrol rats (YC),
aged control rats (AC),
and aged rats-training
(AT)

Sprague-Dawley rats
divided into resting conftrol
(RC), training control (EC),
resting with IH901
consumption, or exercise
with IH201 consumption
groups

Old C57BL-6 mice divided
intfo confrol (C), training
(T), cigarette smoke (CS),
and cigarette smoke plus
fraining (CS+E) groups

BALB/c mice divided into
sedentary untreated (SU),
sedentary infected (Sl),

intensity)

Comparison of baseline samples

among rats trained on treadmill (T:

20 min at 60% VO2max during 24
days in 3 months)

Comparison of baseline samples
between AT in swimming (T:

1 h/day for 5 days/week for 1
year) with YC and AC

Training was carried out during 8
weeks on a tfreadmill; two weeks

with 0% inclination and 25 cm/sec;

then 2 weeks with 10% and 30
cm/sec; then 4 weeks with 15%
and 35cm/sec

Training groups swam for

10 min/day during one
habituation week; then they
performed a swimming program 5
days/week for 8 weeks

Comparison between SU and ATU
during 4 weeks after an individual
maximal exercise capacity fest

BALF and
lung tissue

Lung
fissue

Lung
fissue

Lung
fissue

BALF and
lung fissue
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PT: >pulmonary catalase activity in
T versus C; there are no changes in
[TBARs], carbonyls,
dichlorofluorescein, [], and NF-
KR/p65 in the lung

PT: >SOD activity and >GSH-Px in
AT in comparison to AC; no
difference of [TBARs] between the
same groups

PT: 1 TBARs and 1 protein carbonyls
in EC versus RC

PT: 1 SOD and 1 CAT activity in E
versus C

PT: 1 CuZn-SOD and 1 Mn-SOD
expression in lung parenchyma of
ATU versus SU after an individuall
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Reis
Goncalves
et al. 2012
[15]

Toledo et al.

2012 [12¢]

Yang 2011
(127]

BALF: bronchoalveolar lavage fluid; BW: body weight;

influences pulmonary
inflammatory responses

Chronic aerobic exercise on

pulmonary inflammation,
cytokine, and antioxidant
enzymes in animal model of
acute pulmonary damage

Regular physical exercise in an

experimental mouse model

exposed to cigarette smoke

Chronic exercise and expression

of cytokines related to

inflammation in the lung tissue

aerobic frained untreated
(ATU), and aerobic trained
infected groups (ATI)

Trained BALB/c mice

C57BL/6 mice divided into
control mice (C), trained
(T), exposed to cigarette
smoke (Sk), and Sk plus T
(Sk+T)

Old male Sprague-Dawley
rats, group with frained
rats (T) and sedentary
confrol rats (C)

DEP: diesel exhaust particles;

was performed (0.1 km/h every
2.5 min, 25% inclination); training
was for 60 min/day, 5 days/wk for
4wk at 50% of the maximal speed

Comparison of samples before
and after alow intensity training
on treadmill (T: 50% of MS for

60 min/d, 3 d/week for 5 weeks)

Comparison of baseline samples
in T at moderate intensity on
freadmill (T: 50% MS for 60 min/d,
5 d/week for 24 weeks)

Comparison of baseline samples

between rats trained on freadmill
(T: 25 m/min for 120 min/day for 1

week) and control rats

BALF, EB,
and lung
fissue

BALF and
lung fissue

Lung
fissue
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maximal exercise capacity test

PT: with no changes in leukocytes,
[IL-6], [IL-10], nor [TNF-a] in BALF;
with no changes in [NO] in EB; 1
expression of IL-6 and Mn-SOD in
the lung, but no changes of
activity of GSH-Px and GR in the
lung

PT: <[ROS] in BALF of En compared
to C; >GSH-Px activity, but not of
Mn-SOD nor CuZn-SOD in lungs of T
compared to C; with no changes
in the expression of IL-1ra, TNF-q,
and IL-10 between Tand C

>expression of MRNA for TNF-a and
IL-4 and <expression of MRNA for
IFN-y of group T versus C

DNA: deoxyribonucleic acid; EB: exhaled breath; 8-OH-dG: 8-

hydroxydeoxyguanosine; GR: glutathione reductase; GSH: glutathione reduced; GSH-Px: glutathione peroxidase; IFN-y: interferon gamma; IL-1ra, IL-4, IL-6, or IL-10:
inferleukin-1ra, interleukin-4, interleukin-6, or inferleukin-10; LPO: lipid peroxidation; MDA: malondialdehyde; MS: maximal speed; mRNA: messenger RNA; MS: maximal
speed; NF-kB/pé5: factor nuclear kappa-p/pé5; NO: nitric oxide; : nifrite; ROS: reactive oxygen species; SOD: superoxide dismutase; CuZn-SOD: copper-zinc-superoxide
dismutase; Mn-SOD: manganese-superoxide dismutase; TBARs: thiobarbituric acid reactive substances; TNF-a: fumor necrosis factor-alpha. In “Oxidative or
inflammatory main results,” PE: postexercise and PT: posttraining. In “Aim,” the effect of exercise was not the primary object.
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Until now, only two studies have determined one of the potential sources of prooxidants;
thus, it has been described as an increment of xanthine oxidase activity in the pulmonary
homogenate of rafs that performed strenuous exercise (~15min) on a freadmill (20 m/min),
besides MDA and NO [111]. Likewise, Huang et al. [110] observed an increase of the
activity of xanthine oxidase and lung MDA in older rats after running on a treadmill until
fatigue, during ~63 min at 70% of VO2 max. Prigol et al. [115] and Akil et al. [105] found
increases in TBARs in rats that swam for 20 min and 30 min, respectively, while Reddy et al.
[114] found increases in MDA in rats with a vitamin E deficient diet that swam untfil fatigued.
Also in rats, increases of TBARs after swimming during ~2.5 h until fatigue were found [104].
The same result was found in pulmonary homogenates of untrained rats which swam unfil
exhaustion [119]. A strenuous exercise protocol of ~66 min (80-85% VO2 max) showed no
changes in TBARs in rats [107].

In healthy horses, no differences were observed in isoprostane 8-epi-PGF2a of supernatant
of bronchoalveolar lavage fluid (BALF) after 50min of running [13]. An increment of
carbonyls in the lungs of rats was observed by Raddk et al. [113] after an exercise Hill
exhaustion on the treadmill. However, after an hour of a moderate intensity run in young
and old rats, no changes were observed in the lung carbonyls [109].

With regard fo the pulmonary antioxidant enzymes, aftfer an hour of acute moderate
exercise protocols on treadmills, young rats’ lungs showed an increase in the activity of
enzymes superoxide dismutase (SOD) of the type CuZn-SOD, Mn-SOD, of the catalase
(CAT), without changes in the glutathione peroxidase (GSH-Px). The mRNA expression for
these enzymes did not show differences [109]. Lin et al. [111] found an increase in SOD and
glutathione reductase (GR) activity with no changes in CAT and GSH-Px activity in rats that
ran at 30 m/min and 10% slope until fatigued. Finally, acute and prolonged exercise (more
than an hour) at 80-85% VO2 max showed no changes in the activity of GSH-Px and SOD
[107]. In acute exercise protocols, using swimming, Reddy et al. [114] found an increase in
SOD and glutathione transferase (GST), while mild decreases in GSH-Px activity were
observed in rats that swam until fatigued. Prigol et al. [115] found increase in CAT activity in
rats that swam for 20min. In rats that exercise for an hour, Terblanche [116] found
increased CAT activity without differences between males and females. In rats 18 months
old, Huang et al. [110] described an increase of SOD activity and the maintenance of
levels of CAT, GSH-Px, and GR after 51 min on freadmill at 70% of VO2 max. Strenuous
exercise increased the activity of GSH-Px, with no changes in GR [119]. In a report of Al-
Hashem et al. [106], rats that exercised unfil fatigue decreased the activity of SOD and
CAT.
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Acute exercise has also altered the levels of nonenzymatic antioxidants; an increase of uric
acid has been described, with no changes in total glutathione, in GSH, and in GSSG in
BALF, affer 50 min of incremental exercise in healthy horses [13]. In a study of rats that ran
during ~81min af 70-75%VO2 maxuntil fatigue, no variations were found in the
homogenized lung GSH [111]. In rats that swam until fatigue (~2.5h), no differences were
found at 600 m of altitude, but there was a decrease of GSH levels at 2270 meters [106]; in
this same report, it was found that supplementation with nonenzymatic antioxidants such
as VitC (20 mg/kg) and VitE (20 mg/kg), a single dose one hour before starting the exercise,
decreases pulmonary lipid peroxidation and SOD and CAT activities increases, in both
altitudes. Additionally, supplementation shows higher levels of GSH compared to animals
not treated in altitude [104].

Thus, the increase in lung prooxidants and its consequences (lipid peroxidation) due to
acute exercise appear to be related to the high intensity and duration of the effort, in
terms of either minute ventilation or oxygen consumption, and are enhanced by a hostile
environment (hypoxia, pollution, cold, etc.). However, a mainly enzymatic antioxidant
adaptive response is sfill controversial. In contrast, the use of vitamin reducers (C and E)
allows the antioxidant capacity to be increased and oxidative damage to be controlled
(see Tables 1(a) and 1(b)).

5. Pulmonary Redox Balance and Chronic Exercise

In a first study of pulmonary prooxidants and chronic exercise, Carraro et al. [97] found no
differences in eNO of child swimmers (trained 1 h/week during 6 months). Martin et al. [102]
observed no differences in eNO of athletes based in pool and not based in pool exposed
to pool environment during 5 and 0.5 h/week, respectively. For oxidative damage, Heinicke
et al. [47] found a tendency towards increase of 8-isoprostanes in the EBC of biathletes
who trained at 2800 meters during 6 weeks (4-6 h/d with 1 d/weeks of rest), which included
extensive cross-country skiing, stfrength training, and shooting technique training.

In a model of physical training of rats, which jogged in 3 months a total of 24 sessions of
20 min/d at 60% of VO2 max, no differences were found in pulmonary carbonyls, nitrite, or
TBARs [121]. After 24 weeks of training at 50% of maximal speed for 60 min/d for 5 d/week,
ROS decreased in BALF and no changes of increase were found in pulmonary 8-
isoprostanes in tfrained mice [126]. Using the same load and frequency as before, the levels
of eNO and MDA were not altered in lung homogenates of rats trained during 5 weeks

[15]. However, during the 8 weeks of training in rats that swam with a 2% of additional body
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weight during ~50-80 min, an increment of pulmonary carbonyls and MDA was observed
[119]. GUndUz et al. [122] found increases of TBARs in older rats (21 months) versus young
rats (9 months), without any variafions between old rats which were either trained or
unfrained in swimming during 12 months 1h/d for 5d/week. Altan et al. [117] found
increases in MDA in rats tfrained at 3000 meters of altitude (120 min/d for 4 d/week during ¢
weeks) compared fo sedentary control rats and the ones not trained maintained at sea or
height level. In Sprague-Dawley rat that was trained during 8 weeks on a treadmill, an
increase in pulmonary TBARs and protfein carbonyls was observed [123]. Regarding
oxidative stress on nucleic acids, Asami et al. [118] found increases in 8-
hydroxydeoxyguanosine in rats affer a forced race on treadmill for five weeks in daily
sessions with a gradual increase in the time of 30-90 min.

The chronic exercising has also had as a subject of study the potential changes of the
expression/activity of the enzymes and nonenzymes pulmonary antioxidant. Likewise, Reis
Goncalves et al. [15] found an increase in the lung Mn-SOD expression of mice subjected
to five weeks of training at moderate infensity (60 min/d in 3 d/wk); however, no changes
were observed in the GSH-Px, GR, GST, and CAT activities. In another study, Olivo et al.
[125] observed an increased expression in pulmonary CuZn-SOD and Mn-SOD postmaximal
exercise test of tfrained mice during 4 weeks at 50% of the maximal speed on freadmill.
Altan et al. [117] found increases of SOD activity after nine weeks of progressive training in
a normobaric environment (5 to 30 min/d for 4 d/week), with no differences with a trained
group at 3000 meters of altifude. da Cunha et al. [121] observed a higher pulmonary CAT
activity in the ones trained on a freadmill during 12 weeks at 60% of VO2 max (20 min/d),
compared to confrol rats. In another study, Menegali et al. [124] found an increase of the
CAT and SOD activity in lung of trained rat in swimming during 8 weeks. In mice frained on
a treadmill for 24 weeks at 50% of maximal speed (60 min/d and 5d/week) increases of
GSH-Px were observed without changes of expression of CuZn-SOD, Mn-SOD, and Ec-SOD,
studied in sections of pulmonary tissue [126]. In another study, older animals of 21 months
that were frained for a year (1 h/d and 5d/week) had a greater amount of SOD in
comparison to control rats of their same age and to young rats. No differences were found
in CAT activities, while GSH-Px had a greater activity than a group of their same age [122].
Finally, Aydin et al. [119] observed a decrease in the concentrations of GSH and an
increase of GSH-Px activity in pulmonary homogenates of ratfs, after eight weeks of
swimming with overload and progressive weekly time increment (50-80 min).

This reflects the fact that oxidative stress induced by chronic pulmonary exercise in animals

is closely associated with high-intensity protocols, but not with those of moderate intensity
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(see Table 1(b)). However, when moderate chronic exercise was executed while af high
altitude, both human and animals presented pulmonary oxidative damage (see
Tables 1(b) and 2(b)). In contrast, antioxidant adaptation seems to be more closely related
to the animal fraining time, with an increase in the activity of SOD and CAT in the medium

term and the expression of SOD in the short term (see Table 2(b)).

6. Acute Exercise-Induced Lung Inflammation

In horses, Kirschvink et al. [13] found no cellular count variation in BALF after 50 minutes of
exercise. In runners’ sputum of 10km (~35.4 min), 12km (~46.1 min), and 21 km (~8%.1 min) a
frend of increasing polymorphonuclear neutrophils (PMNs) in samples of induced sputum
was found [40]. In the same direction, Bonsignore et al. [56] reported a higher percentage
of PMNs in induced sputum, compared to values previous to exercise and an increase in
these cells after the marathon (~179 min). Also in induced sputum of runners, Denguezli-
Bouzgarrou et al. observed in 2006 [62] and 2007 [63] an increase of PMNs after 60 minutes
of moderate racing. In the latter study, higher concentrations of histamine, interleukin-8 (IL-
8), LTB4, and LTE4 were also detected, subsequent to acute exercise during the
precompetitive phase versus the competitive phase [63]. Chimenti et al. [5], in a 20-
kilometer race (~90min), reported an increase in IL-8 in the supernatant. Races in smaller
time frames (~18 min) showed no changes in the amount of PMNs in induced sputum [93].
In rowers, after a short test of high intensity (1000 m in ~3 min), there was a trend towards an
increase of epithelial cells and a positive associafion between the pulmonary
ventilation/body weight (L/kg) and macrophages in induced sputum [78]. In swimmers,
increases in lymphocytes and eosinophils and a decrease in macrophages were observed
in induced sputum, after a 5km race in the ocean (hypertonic environment) in relafion to
the same test performed in an open pool with low concentration of chlorine. However,
there is no evidence of the increase in inflammatory cell activation [57]. In a chlorinated
pool, in high performance swimmers, no changes were observed in the cellular
composition of the induced sputum and the pH in EBC after 45 min at moderate intensity
[81]. Larsson et al. [32] found an increase of granulocytes and macrophages in subjects
that performed one hour of exercise, on a treadmill, at —=23°C, without IL-8 changes in BALF
samples. Derivatives of arachidonic acid have been studied in three works; thus, in a
maximum acute exercise of approximately 12min, increases in E2 prostaglandin and
B> thromboxane in EBC after exercise were found in men [83]. The leukotrienes in EBC were

studied by Bikov et al. [54]; thus, after an eight-minute test on a freadmill no differences in
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the concentration of cysteinyl leukotrienes were found in normal people. In a test of 4km of
cycling with a 12% hill sloping during ~7 min, an increase of leukotriene B4 in BALF of
athletes was found in comparison to the control subjects [67]. Also in EBC, Zietkowski et al.
[?5] found no changes in high sensitive C-reactive protein after 9 minutes of cycle-
ergometry at 85% of maximal predicted heart rate in healthy subjects.

The pH in EBC is a potential marker of pulmonary inflammation that has been used in
pathologies that have this condition. In acute exercise, the results have been variable;
thus, Marek et al. [73] did noft find differences after an exercise until fatigue (~13min) in of
amateur athletes. Bikov et al. [55] did not observe changes in the of healthy subjects after
exercise, while there are other reports that show increases in pH after outdoor exercise
[128] and after low-intensity (60% of maximal predicted heart rate) exercise (~30 min) in
nonathlete healthy subjects [84]. In races up to 10 km, no changes have been reported up
to 80 min after the race, in both amateur runners [52] and physically active runners [53].
However, there are inverse correlations between changes in prooxidants and changes
of [53]. In distances that exceed 21 and 42km, ~101 min and ~246 min, respectively, an
acute decreasing frend of was observed [52]. However, in an animal study conducted in
horses, the group of Cathcart et al. [108] found an increase in after running 1.6 km.

In summary, the majority of published papers demonstrate the infiliration of inflammatory
cells (macrophages or granulocytes) after acute exercise in humans. A factor that
probably influences this is the duration of the exercise, as the increase in PMNs was found
only in protocols involving longer periods (see Table 1(a)). Cellular infilfration was found to
be due to cold or chlorine. The role of exercise training is difficult to assess, given that the
studies were conducted almost exclusively in frained subjects. We must add to this the
reported changes in soluble inflammatory mediators. As a whole, these could be an
expression of an asymptomatic acute inflammatory process similar to that observed in
other tissues (muscle tissue). This would happen in a self-limiting way whenever the

necessary conditions of time, environmental factors, and intensity are encountered.

7. Chronic Exercise-Induced Lung Inflammation

Studies in animals have shown that training during 120 min/d for a week on treadmill at
25 m/min increases the expression of mMRNA to tumor necrosis factor-alpha (TNF-a) together
with promotfing a decrease of inferferon gamma in pulmonary tissue samples [127].
Chimenti et al. [120] trained mice at moderate intensity for 6 weeks (5 d/week), showing

leukocyte infiltration in the airway. At this level of epithelia, an increase of apoptosis and a
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decrease of the ciliated cells were also observed. In mice that trained 60 min/d to 50% of
maximal speed for 24 weeks (5d/week), no variation was observed in the number of
macrophages in BALF, but it was possible to see a decrease of the capacity of these cells
to form free radicals [126]. However, it is possible that the elaboration of training programs
at moderate intensity (66%of VO2 max) generates a reduction of the inflammatory
response affer the completion of ischemia and pulmonary reperfusion, which was
evidenced as a decrease of the release of interleukin 13 and tumor necrosis factor-alpha
(TNF-a) at plasmatic level in a model performed in rats [129]. An analogous result was
described by Toledo et al. [126], who did not find differences in TNF-a, interleukin 10,
monocyte chemotactic protein, and interleukin 1 receptor antagonist, quantified in lung
sections of mice, after training to 50% for 1 h/day, 5 days per week, for 24 weeks.

In studies conducted in humans, it has been reported that the participation in a long
distance race fraining program over the course of a year generates a persistent
inflammatory process with no apparent clinical repercussion and an increase in PMNs and
in IL-8 concenftrations, leukofriene E4, and histamine in the supernatant of induced sputum
samples [130]. Subjects who parficipated in high performance athletic fraining in sessions of
1 h/day for 10 days, interspersed with rest 5 days, had lower pH values in EBC compared to
healthy control subjects [98]. The same result in this parameter was reported in runners by
Greenwald et al. [128]. In the same direction, in amateur runners (~50 km/week) low levels
of pH were reported compared to values of healthy confrol subjects [52]. High
performance pool swimmers showed no differences in basal inflammatory parameters
when compared with non-pool-based athletes; however, the analysis of the subgroup of
athletes that had a positive result in the voluntary hyperventilation test (exercise-induced
bronchial hyperreactivity indicator) presented a higher concentration of eNO and a higher
count of eosinophils and of epithelial cells when compared to the group that had negative
results on this test [102]; among other factors, this could be related to the number of years
of practice of pool swimming, since no differences in eNO, in EBC pH, and in cellularity of
induced sputum in adolescents were found when compared to normal subjects [131]. Elite
swimmers, who trained between 800 and 3380 km/year, had more eosinophils and PMNs in
induced sputum compared to nonathlete control subjects [99]. The cessation of the
training for 3 months of swimmers decreases eosinophils and lymphocytes in induced
sputum compared to active swimmers (~1870km/year) [100]. The comparison between
healthy athletes who are swimmers and others who are engaged in land exercise has
shown an increased number of PMNs in induced spufum samples [96]; the same

comparison showed no differences in PMNs and eosinophils in induced sputum [102].
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Chronic inflammation can be associated with pulmonary epithelial damage; thus,
increases of clear cell protein (CC16) in plasma of swimmers who trained during 20 weeks
in a chlorinated pool have been reported [132].

In skiers, who trained 435 h/year, increase of lymphocytes and mast cells has been found,
with no differences in the concentration of TNF-a and myeloperoxidase in BALF compared
to nonathlete control subjects [103]. Karjalainen et al. [101] reported, through the study of
bronchial biopsies, an increase in neutrophils, eosinophils, macrophages, and T
lymphocytes in elite skiers (435 h/year) compared to healthy control subjects, along with air
tract remodeling indicators as an increase in collagen | and collagen Il deposits in the
submucosa, a hyperplasia of racket cells, and a higher expression of type 5 mucin. The use
of anfi-inflammatories (800 micrograms/day of budesonide) by cross-country elite skiers
(~427 h/year) during 20 weeks did not generate differences regarding the placebo
(~468 h/year) in the cellularity (PMNs, macrophages, lymphocytes, eosinophils, and mast
cells), studied in BALF and in endobronchial biopsy [104].

In summary, animal models of physical training show increases of soluble inflammatory
mediators, which include TNF-a. Human studies have focused on subjects who have
greater contact with irritants in the airway due to the specificity of their sport, whether
runners (large ventilation volumes), skiers (cold), or swimmers (chlorine gas in the pool
room). In these subjects, permanent fissue infiltration of granulocytes, macrophages, and
lymphocytes has been observed. Evidence of these changes has been found in both
noninvasive samples, such as induced sputum, and in biopsies in the bronchial region. At
the same time, an increased presence of soluble proinflammatory substances has been
reported. Overall, this suggests that these athletes in particular may suffer from persistent
changes in ftissue (chronic inflammation and aqirway remodeling) that have been

associated with pulmonary symptoms and functional changes (see the boftom of Figure 1).

8. Oxidative Damage and Inflammation, Relations, and Potential Effects

The generation of prooxidant substances and the establishment of tissue oxidative
damage are closely associated with inflammatory processes; thus, inflammatory cells are a
known source of prooxidants derived from both oxygen and nitrogen [133]. At the same
time, the increase of prooxidants has been involved in the intracellular signaling which
leads to inflammatory cell activation, increased secrefion of soluble mediators of
inflammation [134], endothelial activation, and also increased expression of adhesion

molecules and endothelial permeability [135]. This relation implies that, in many situations,
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the increase of prooxidants participates in the activation of inflammation and vice versa,
demonstrating the close relationship between both phenomena [134]. The establishment
of both oxidative damage and inflammation in the lungs has been involved in the
origin/evolution of various pathological states; for example, both phenomena are a
fundamental part of adult respiratory distress [136], asthma [137], chronic obstructive
pulmonary disease [138], pulmonary hypertension [139], and viral infectious processes
[140]. In the lungs, the relationship between oxidative changes and inflammation has rarely
been studied as a main goal, but it is presumed that, in view of the studies conducted in
other organs, it must be closely related. This is particularly important in subjects practicing
sport, as both inflammation damage and oxidative damage have been implicated in the
pathogenesis of phenomena of high prevalence in athletes such as rhinitis, bronchial
hyperreactivity, asthma, and airway remodeling [27, 141]; so, most respiratory symptoms
(coughing, wheezing, breathlessness, and chest tightness) in endurance athletes such as
cross-country skiers are known [142]. In addition, cross-country skiers show a presence of
PMNs and lymphocytes infiliration in the airways [101]. This phenomenon can also be
extrapolated to other endurance athletes [143] such as marathon runners, cyclists, and
swimmers, the latter of which are also exposed to the chlorine in swimming pools, which
could be one of the main factors inducing increased eosinophils and leukocytes in the

sputum.

9. Methods for the Study of Lung Inflammation/Oxidative Damage by Exercise

The study of the oxidative/inflammatory damage in the lungs is challenging due to both
anatomic functional limitations and the limitations of currently applied techniques. Current
evidence on this topic focuses primarily on the study of lung diseases, while studies on the
effect of exercise as a trigger effect of this phenomenon in healthy people are scarce.
Summarizing what is known to date for the species analyzed, the determinations made
and the samples obtained are shown in Tables 1 and 2. Lung fissue microenvironment has
challenged developers of study methodologies, so, although systemic markers have been
proposed (CC1é, surfactant proteins A and B, and Krebs von den Lungen-6), they do not
yet have sufficient capacity to indicate minor damage, which implies that the processes of
the lung itself cannot always be ascertained. For this reason, it is preferable to test samples
originated from the lung; those currently under study are exhaled breath (whether direct or
condensate), fluids (BALF, induced sputum, and nasal lavage), and cells and portions of

whole tissue (biopsies, tissue homogenates, and cut pieces of tissue). Unfortunately, foday
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there is still much controversy regarding the interpretation of the results obtained with these
methods. In relation to oxidative/inflammatory exercise phenomenon, in animals, exhaled
breath [112], lung tissue homogenates [113, 114, 117,118, 120, 121, 127], bronchoalveolar
lavage [121, 126], and lung tissue sections [126] have been used. In humans, most methods
are focused on noninvasive methods and, among these, the induced sputum is the most
widely used [40, 56, 57, 62, 63,78, 81, 93, 96, 99, 100, 102, 144]. Another sample studied
corresponds  to  exhaled breath, which was analyzed whether directly
[56, 57,59, 65,71,75,81,89,97,102] or after being condensed af low femperature
[46, 53, 65, 72-74,77,79, 81, 83, 84, 128, 139]. Very few studies have used bronchoalveolar
lavage [32, 103, 104] and lung tissue obtained by endobronchial biopsy [101, 104].

10. Discussion

In summary, we found that in acute exercise (see Tables 1(a) and 2(a)) there is more
evidence of changes in cellularity (predominantly granulocytes) when it (was) is a
prolonged high-intensity exercise. This change was not so evident in animals; however, this
should be resolved in further studies because it is a parameter measured recently in this
population. Long-term of acute moderate exercise (>60min) in humans stimulated an
increase of pulmonary inflammatory mediators (IL-8, LTB4, and LTE4). Now, regarding
prooxidants, a systematic increase in humans is observed after more than thirty minutes of
exercise. It is noteworthy that, in acute exercise in animals, reports of an increase in lung
lipid peroxidation are the maijority, while it has not been observed in humans, except for
infense exercise at high alfitudes. This may be partially explained by the fechniques used:
while tissue samples were analyzed in animals, EBC samples were analyzed in humans; in
another aspect, the change with greater support in relation to the enzymatic activity
corresponds to the maintenance or decreased levels of GSH-Px and to the increase in
SOD.

With regard to chronic exercise (fraining) and its effects (see Tables 1(b) and 2(b)), the
number of studies is still very small, but there is a tfendency observed, seen in humans,
towards changes in cellularity compatible with chronic inflammation of the airways,
particularly in subjects exposed to cold and chlorine. In animals, changes in pulmonary
cellularity (leukocyte infiltration) were observed in only one study [120]. For soluble
inflammatory mediators, in animals the scientific evidence has shown an increase in the
concentration of these substances (IL4, IL6, and MmRNA TNF-a) subsequent to chronic

exercise. The oxidative damage was observed in animals following moderate chronic

58



Articulo Cientifico 1

exercise (>4sem), specifically in older rats, and cold or altiftude environment. In humans,
only one study showed oxidative damage by altitude training [45, 47]. With regard to
enzymatic anfioxidants, a tendency towards higher levels in SOD and GSH-Px is observed in
humans. As for nonenzymatic antioxidants, only one study showed a decrease in the
concentration of pulmonary GSH in trained rats [119].

The problem requires further study to clarify numerous questions in order to have a more
definitive overview; thus, several challenges for researchers in the field have arisen.
Likewise, the activity of the sources of production of free radicals in the lung (mitochondria,
xanthine oxidase, NADH oxidase, and NOS) should be studied and the knowledge of the
status of antioxidant systems, particularly in humans, where there are no records available,
should be improved. Regarding inflammatory parameters, the study of soluble mediators of
inflammation should be extended; in addition, the effect of both substances with
antioxidant and anti-inflammatory effect should be explored. Furthermore, it is necessary to
generate research projects which explore the parameters of oxidative/inflammatory
mechanisms simultaneously in order to establish the interrelation mechanisms between
both processes. It is also necessary to characterize the effect of time and intensity of
performed exercise, the role of environmental conditions, and the level of training of the
subjects on oxidafive damage/lung inflammation by exercise. Finally, to advance the
resolution of this problem, it is urgent to improve the technical conditions o allow obtaining
representative samples of lung environment in its different compartments, and it is also

necessary for these methods to be noninvasive and contribute to monitoring the athletes.
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Abstract

It is a well-established fact that exercise increases pro-oxidants and favors oxidative stress;
however, this phenomenon has been poorly studied in human lungs. Pro-oxidafive
generation (H202, NOz27), lipid peroxidation markers (MDA), and inflammation (pH) in
exhaled breath condensate (EBC) have been determined through data from 10 active
subjects who ran 10 km; samples were obtained immediately before, at 20, and at 80 min
post-exertion. In EBC, the concentration of H202 at 80 min post-exertion was increased.
NO2~ concentration showed a tendency to increase at 80 min post-exertion, with no
variations in MDA and pH. No variations of NO2~ were found in plasma, while there was an
increase of NO2~ at 80 min post-exertion in the relation between EBC and plasma. NO2™ in
EBC did not correlate to plasmatic NO2-, while it did correlate directly with H202in EBC,
suggesting a localized origin for the exercise-related NO2~ increase in EBC. MDA in plasma
did not increase nor correlate with MDA in EBC. In conclusion, high-intensity exercise
increases lung-originated pro-oxidants in non-athlete subjects with no evidence of early

lipid peroxidation and changes in the pH value in EBC.
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Introduction

It is a well-documented fact that exercise favors the increase of pro-oxidants and that in
some sitfuations it produces oxidative stress [21, 30]. A reduced group of studies on
animals have been focused on the impact of exercise on pulmonary redox equilibrium
state, reporting evidence of oxidative stress [4, 36].

Exercise increases lung ventilation and favors higher contact with cold air, air pollutants,
and chlorine in swimming pools [22, 43]; at the same time, it favors immune system
activation [28]. The aforementioned may be particularly important in subjects who have
regimes of long fraining hours. Consequently, previous studies in humans have
demonstrated inflammation and redox state changes in the lungs of athletes such as
swimmers [14], skiers [41], and runners [3, 11].

The study of redox state changes in the lungs resulting from exercise is difficult because
sampling involves some risks o the participants; for this reason, the use of exhaled breath
condensate (EBC), extensively studied in lung diseases and which has been proposed for
the evaluation of various tissue processes (oxidative damage, cancer, remodeling, and
inflammation) located in this organ [18, 20], can be a useful tool in the characterization
of this phenomenon in athletes. Using EBC samples, no changes in the concenfration of
H202([H202]esc) were found during exercise [32], but changes in their flow [25] were
found. It has also been reported that there was an increase in [H202]esc on climbers
exposed to alfifudes of 6,125 m [1] and in biathletes who trained for é weeks at an
altitude of 2,800 m [17]. In both protocols, an increase and a trend to the increase of lipid
peroxidation measured as malondialdehyde (MDA) and 8-isoprostane, respectively, was
shown. Recently, our research group compared amateur long distance runners who
trained 50 km a week in 10-, 21.1-, and 42.2-km races, reporting increases in [H202]esc and
NO2- concenfration in EBC ([NOz7]ec) for the 21.1- and 42.2-km races with no
modifications in the partficipants of the 10-km race. In the three evaluated distances, no
increase in lipid peroxidation, measured as the MDA concentration in EBC ([MDA]esc),
was shown [3]. In this paper, we extend the description of redox state changes which
occur in EBC from participants of long distance races to physically active but non-athlete
subjects. We hypothesized that, in this group, a 10-km race could generate an increase
in pro-oxidants and favor lung lipid peroxidation since they are not chronically exposed
to the pulmonary effects (irritation, dryness, inflammation, cell damage) of the distance

runners' training regime. A second objective was to advance in the characterization of
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EBC markers as originated either locally or from the systemic environment; for this

purpose, we compared the concentrations of NO2~ and MDA in both EBC and plasma.

Materials and methods

Subjects

Ten non-smoking students of Physical Education (see Table 1) with no history of high or
low respiratory tract inflammation during the month previous to the study were made
subjects of this study. They also had no history of chronic respiratory diseases (asthma or
allergic rhinitis) and did not consume nutritional supplements, anfioxidants, or anti-
inflammatory medicaments. They practiced 9.2+3.3 h/week of moderate to intense
exercise. The distribution of total exercise time, expressed in hours per week, is presented
as mean = standard deviation, and the percentage of the total sample performed in this
activity is shown in parentheses: running 2.5+0.5 (80 %), swimming 1.2+ 1.4 (40 %), football
1.5£1.7 (30%), mountain bike 1.5x6.3 (20%), tennis 0.9+2.1 (20%), handball
0.6+ 1.4(20 %), volleyball 0.5+0.7(20 %). and basketball 0.5+0.7 (20 %). Participants were
informed orally and in writing, before signing an informed consent. This study was

approved by the Ethics Research Committee of the Universidad de los Andes.

Table 1 General description of participants

Values
Men/Woman 9/1
Age (years) 20.50+1.60
Weight (kg) 62.64+6.8
Height (cm) 172.4+53
VO2 max (ml kg=! min-!) 47.37+£6.0
Time of race (min) 50.65+4.63

Values are shown as mean + SD

Protocol

After being evaluated at rest, they went through a 10-min warm up before running 10 km
af maximum effort in an open 330-m racetrack. On each complete turn, the cardiac

frequency was determined (Polar, model T31) in order to quantify the intensity of the
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exercise. All subjects performed this test simultaneously. EBC samples were taken using the
previously described device [1, 2]. Subjects were at rest, wearing a nasal clip, and having
previously washed their mouths with distiled water. Sampling time was between
approximately 10 to 15 min or until 1.5 mL of EBC was obtained. Also, venous blood was
drawn, heparinized, and then centrifuged at 3,000 rom to obtain plasma. Once samples
were obtained, they were stored in liquid nitrogen and later at —=80 °C until they were
analyzed. EBC or plasma samples were taken before (pre) exercise, 20 min after exercise

completion (20-post), and 80 min after exercise completion (80-post).

Malondialdehyde in EBC and plasma

MDA concentration was measured according to Larstad et al. [23]. EBC at 300 yL or 50 pL
of plasma was mixed with 100 pL of 25 mM thiobarbituric acid. The mixture was incubated
for 1 h at 95 °C. After cooling, first in ice for 5 min and then for 40 min at room temperature,
the mixture was submitted for high-performance liquid chromatography (Shimadzu
LC10AD, Corporation), where a C-18 column 150-mm long and 4.6-mm 1.D. (Supelcosil LC-
18. Supelco) was used. The mobile phase (1 mL/min) was a 20:80 (v/v) mixture of
acetonitrile in 20 MM potassium phosphate buffer (pH 6.8). Measurements were performed
with a fluorescence detector (RF-551, Shimadzu), excitation and emission wavelengths,
being at 532 and 553 mm, respectively. Malondialdehyde bis (diethyl acetal) from Merck

was applied as standard.

Hydrogen peroxide in EBC

It was measured using FOX2 [31] reagent. This reagent contains Fe*2 (250 uM), which in an
acidic medium (HCIO4, 110 mM), and is oxidized to Fe*3 by the presence of H202. The
amount of H202is monitored through the reaction between the ferric ion and the xylenol
orange indicator (250 uM). Sorbitol (100 mM) was added to the original reagent according
to Gay and Gebicki [15]; this method has been previously used by our research group
[1, 2, 3]. For measurements, 350 uL of EBC and 150 yL of modified FOX2 were taken, then
the sample was incubated for 1 h at room temperature, and absorbance was read at
560 nm (Jenway 6405). Three calibration curves were performed for each group's

measurements using H202 (Merck) as standard.

pH in EBC
It was measured using the protocol of Paget-Brown et al. [33]. EBC at 100 uL was bubbled

with argon for 8 min at a flow rate of 350 mL/min, and pH was later measured using a
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3x38 mm (Diameter x Length) microelectrode (Cole and Palmer) connected to a pH

meter (Oakton® Acorn pH 6).

Nitrites in EBC and plasma

Nitrite concentration was measured using spectrophotometric test based on the Griess
reaction [16]. Griess reagent at 300 uL (0.1 % naphthylethylenediamine—dihydrochloride,
1 % sulphanilomide, 3 % HsPO4) was added to 300 uL of EBC or plasma deproteinized with
NaOH/ZnSO4. The mixture was incubated for 10 min, and absorbance was measured af
550 nm. Three calibration curves were performed for each group's measurements using

sodium nitrite (Merck) as standard.

Statistics

Using the Shapiro-Wilk normality test, it was observed that the samples did not come from a
Gaussian distribution; therefore, non-parametric tests were applied. The Friedman test was
used for repeated samples, and Dunn's test was used as a further test for all the measured
parameters. Correlations were determined by the Spearman correlation coefficient. The
significance level used was of p <0.05. For statistical analysis, GraphPad Prism, USA software

was used.

Results

Exercise intensity estimated as the percentage of cardiac reserve was at 21.2+4.7 %. The
race time was 50.6+4.6 min. Both variables are expressed as mean and standard
deviation. An increase in [H202]esc (Fig. 1) as compared with the pre-value at 80-post
(p <0.05) was seen. [NO2-]esc showed a trend to significance; it had a value of p=0.045 in
the Friedmann test, with no differences between groups in the posteriori test. No changes
in nitrites in EBC and plasma ([NO27]e) after the race (p=0.97) were seen. The relation
[NO27]esc/[NO2"]pr showed increases (Fig. 2) on the pre-value in the 80-post (p <0.05). No
differences in [MDAJesc (p =0.60), in the values of malondialdehyde in EBC and plasma
(IMDA]r; p=0.83), or in the relation between [MDAJ]esc/[MDA]r (0 =0.60) as shown in
Fig. 3were observed. The pH in EBC (pHesc; p=0.39) showed no post-race differences

(Fig. 1).
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Fig. 1 [H202]esc and pHesc in participants of a 10-km race.
The line represents the median value. *p <0.05 is different

from the pre-value.
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Fig. 3 [MDA]e, [MDA]esc, and [MDA]esc/[MDA]p in
participants in a 10-km race. The line represents the
median value

Correlations were made between absolute values and their absolute changes (deltas). A
first group of absolute deltas was obtained from the difference between the absolute
values of the 20-post-stages minus pre-stages. The second group of deltas was obtained
from the differences between the absolute values of the 80-post-stages minus 20-post-
stages; in the performed delta correlations, both sets of data were considered together.

Regarding nitrite, no significant correlations between absolute values of [NO27]p versus
[NO27]esc (r=0.21,n=30, p=0.26) and for absolute changes between these same
variables (r=0.18, n=20, p=0.46) were observed. A similar result was found for
[MDA]r versus [MDA]esc for absolute values (r=-0.22,n=30,p=0.24) and befween

absolute changes (r=-0.16, n =20, p =0.49). Both the relation between absolute values
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of  [H202]esc versus  [NO27]esc (r=0.69, n =30, p<0.0001) and absolute changes
(r=0.73,n =20, p<0.0002) showed a significant association as shown in Fig.4. No
significant correlations between absolute values of [H202]esc and [NO27]esc with
pHesc were found. Correlations between absolute changes of [H202]esc and
pHesc showed a trend to significance (r=-0.45, n=18, p =0.06), while absolute changes
between [NO:2]esc versus pHesc were significant (r=-0.61, n=18, p =0.007; see Fig. 5). No
significant correlations between the race time and intensity (measured as the
percentage of cardiac reserve) with the studied variables in EBC and plasma in 20-post

and 80-post were found.
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Fig. 4 Relationship between [NO2]esc versus [H202]esc (top) and A[NO27]esc versus
A[H202]esc (bottom) in participants of a 10-km race

82



Arficulo Cientifico 2

r=-0.45
1.0 n=18

p=0.06
03 ©

ApHgge
7 -
lo]
7 J
/o/
0

-1.0

A[H207 Jegc pmol -1

r=-0.61
1.0 n=18
p=0.007
(0]
A o
T
o ® o ® o » ®
< 0.
1.0

AINO, Tec ymol -1

Fig. 5 Relationship between A[H202]esc versus AlpHlesc (fop) and A[NO27]esc versus
A[pH]esc (bottom) in participants of a 10-km race

83



Articulo Cientifico 2

Discussion

Exercise increases lung ventilation and the speed with which the surrounding air reaches
our lungs. High-intensity and prolonged exercising, typical of endurance races, inflame
the airways [6, 42] and increase its pro-oxidants [3] as it has been previously described.
One of the factors that have an influence on oxidative stress produced by exercise is the
fitness degree of the participants; Brooks et al. [7] showed higher NO and superoxide
anion formation because of acute exercise in sedentary rats' perfused/infused muscle
versus muscles of trained rats. In patients with chronic obstructive pulmonary disease,
there was less oxidative stress induced by acute exercise after their participation in a
physical training program [34]. In this sense, it is possible that subjects, such as those from
the present study, physically actfive but not subjected to high endurance athletes’
regime (long sessions of prolonged aerobic exercise), are more prone to increase in pro-
oxidative formation since the intensity of the performed exercise reached 90 % of the
cardiac reserve (see the “Results” section). In this study, the main result is the increase in
[H2O2]eec and [NO27]esc/[NO27]p; both parameters show a tendency at 20 min that
becomes significant at 80 min post-race. Af the same time, despite the increase of these
species, there is no lipid peroxidation increase, as it has been previously described in the
lungs of animals [38], nor pHesc decrease as an indicator of tissue inflammation, as it has
been described in pathologies such as asthma, bronchiectasis, and adult respiratory
distress [20].

Regarding [H20:2]esc results, there are few similar experiences in the literature to the one
presented here, especially because of the increased exercise time (over 30 min) of our
protfocol, which makes it difficult to compare; Nowak et al. [32], Marek et al. [25], and
Mercken et al. [26] conducted submaximal and maximal exercises finding no differences
in [H202]esc, but they used a protocol with only 6- and 15-min exercising fimes,
respectively. Data presented herein are comparable to our previous report on amateur
long distance runners [3]. In that report, no changes in 10-km runners were observed and
absolute changes were minor in this distance in comparison to 21.1- and 42.2-km races.
In this report, we found that in a group of non-runner subjects, [H202]esc does increase
after the race, as measured on the same times as of the aforementioned work. The fact
that frained subjects do not show any increase in this pro-oxidant in this distance may be
partly explained by the induction of anti-oxidant defenses [37] and by a lower
inflammatory response as a result of chronic exercise [47]. This finding shall be later
reevaluated in subjects with different levels of training directly compared under the same

conditions.
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During physical exercise, in the lungs, nitric oxide is involved in both dilatation of airways
to increase mobilized airflow and vasodilatation in order to avoid excessive increase in
pulmonary artery pressure [45]. In the pathological context, nitric oxide participates in
lung redox imbalance that occurred in inflammatory processes [44]. Nitric oxide has a
short half-life; therefore, in many experimental models, more stable metabolites such as
nitrite and nitrate are determined [46]. Nitric oxide and its related compounds have a
complex metabolism; thus, it is not yet fully clarified. This happens, among other aspects,
because of its multiple origins; it can be formed from typical lung cells (epithelial cells,
endothelial cells, smooth muscle cells) as well as in leukocytes and erythrocytes [8].
Regarding the effect of a long distance race on [NO:2]ec, fo our knowledge, this
parameter has been previously reported only by our research group, and no changes in
[NO27Jesc after a 10-km race were observed, while changes in 21.1- and 42.2-km races
were observed [11]. Unlike this previous work, we currently report a trend to increased
[NO27]eec and an increase in the relation between [NO2 ]eec/[NO27]p, which means an
increase in this pro-oxidant in the lungs by exercise in subjects who are not accustomed
to this physical effort unlike usual runners. In the particular case of the time in which the
increase of the relationship, [NO27]esc/[NO27]p(80-post-stage) is potentially observed; it
can result from nitric oxide increases that occurred during exercising, since NO2~ may
remain without being completely debugged, in the increase of the lung endothelial nitric
oxide synthase activity as seen in animal models and/or in the increased activity of this
enzyme as described in human leukocytes after exercise [24, 29].

Confrary to the few measurement reports of [NOz ]esc, nifrite has been previously
measured in plasma during exercise. In this regard, some reports have observed
increases in plasma levels of nitrite + nitrate combination after 10 min of exercise at 75 %
of maximal oxygen consumpfion [10]; however, this finding is not systematic for acute
exercise. Bloomer et al. [5] found no nitrite increases in plasma after 30 min of freadmill
exercise. In both athletes and sedentary people, Poveda et al. [35] found no changes in
[NO27]r after maximum exercise on a treadmill. In our study, [NO27]r determination was
done to evaluate if the eventual [NO27]esc increase could be explained by simultaneous
increases in plasma (something that was not observed). This lack of NO2~ increase in
plasma and the lack of correlation between individual values and [NO2-]esc and
[NO27]p absolute changes indicate that it is likely that the increase of EBC, because of
exercise in these species, may be a localized phenomenon. This idea is also supported by
the increase in [NO27]eec/[NOz27]p relation and by the fact that [NO:2 ]esccorrelates with

another exhaled air marker such as [H202]esc (see Fig. 4). The finding of this statistically

85



Articulo Cientifico 2

significant association is consistent with our previous report on long distance runners [3].
We believe that our collected data, as a whole, strongly supports the idea that intense
prolonged exercise in this population—under the described conditions—alters the redox
state of the pulmonary microenvironment.

The increase of the described pro-oxidants was not concomitant with [MDA]esc increases
(lipid peroxidation/oxidative damage indicator) and pHesc decreases (indicator of tissue
inflammation) that were expected to occur. Regarding pH, Riediker and Danuser [39]
reporfed a pHesc increase immediately and until 60 min post-exercise (30 min of fast
walking at 60 % of maximal cardiac frequency).

A later report by Marek et al. did not report any changes in pHesc that was measured
immediately after performing a maximal exercise to exhaustion in cycling (time is not
reported) [25]. Ferdinands et al. [13] reported the absence of pHesc changes after acute
exercise; however, they found lower pHesc values in regular runners. In a recent report on
racehorses, Cathcart et al. found increased pHesc 20 to 30 min after running 1.6 km at a
moderate to high intensity [?]. The fendency to maintain pHesc values after exercise,
herein reported or alkalinization reported by other groups, has no explanation yet;
however, some authors have suggested the hypothesis that this phenomenon is due to
the increase in ammonium secretion (buffer) of the airway epithelium in response to
exercise [?]. In the pathological context, subjects with chronically inflamed airways, like
asthmatic patients, have lower ammonium levels [19]. Similarly, Mickleborough et al. [27]
did not find any changes in the pHesc in asthmatic subjects after hyperventilation at 85 %
of maximal voluntary ventilation for 6 min. These patients decreased their levels of airway
inflammation after ingesting a preparation rich in omega three fatty acids for 3 weeks.
So, a decrease of exhaled nitric oxide and an increase in the basal value of pHesc was
evidenced, and in conftrast to that previously observed in the first hyperventilation test,
an alkalinization of pHesc after the said test was evidenced, which can be interpreted as
a better response to acidosis of the airway [27].

In another aspect, our previous data obftained on amateur runners showed the same
trend to the increase (proved herein) of pH value in the 10-km runners' group. while there
is a trend to a decrease in the groups of 21.1- and 42.2-km races [3]. The difference in the
pHesc response between 10-km races and longer distances may be related to the
greater intensity of the inflammatory response against the increased stimulus (distance of
the race) and the time necessary to establish an inflammatory process in the tissue; thus,
the time in a 10-km race is about 1 h, while a marathon of amateurs takes about 4 h. In

this regard, it will be a great confribution, in the future, to extend the follow-up time of this
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parameter after the race and to include specific markers of inflammation such as
cytokines. Furthermore, the different acids and bases found in the EBC samples should be
more specifically analyzed.

Although there was no decrease in pHesc or inverse correlations between the absolute
values of the pro-oxidants as we found in our report [3], in this work, we found inverse
associations between the absolute changes of pro-oxidants (frend to H202and
significance for NO27) studied in EBC and the absolute changes of pHesc (see Fig. 5),
which supports the hypothesis that pro-oxidant changes are related to inflammation at
this level.

Regarding [MDA]esc, previous results showed no differences at low heights (670 m) after
high-intensity cycloergometric exercise [1]. Similar results were found in a 120-W
cycloergometric protocol [32]; both findings are equivalent to those reported here but
with protocols dissimilar to ours. Failure to find an expected relation between the
increase in pro-oxidants and the increase in lipid peroxidation may take place because
changes in this parameter occur at a later time as compared to our measuring. Senturk
et al. [40] found MDA increases in plasma 12 h after 10 min of extenuating exercise;
Fatouros et al. [12] found the highest [MDA]r at 24 h after a soccer match. Another
possibility is that this pro-oxidative increase may be part of a physiological process in the
described groups and conditions and is not associated to tissue damage in this organ. In
this work, [MDA]r is also determined (see Fig. 3) in order to advance in the elucidation of
the localized or systemic origin of this marker in EBC. In this respect, similar to that
observed in [MDA]eec, we did not find any changes in neither [MDA]r nor changes in the
relation between [MDA]ec/[MDA]r (see Fig. 3), so the interpretation of our findings
becomes difficult. However, the lack of correlation between absolute values as well as
between their absolute changes support the hypothesis that [MDA]esc is not related to
[MDA]Jp; this was also observed in a previous work in which cyclists performed a maximal
exercise at 2,160 m of altitude, showing increases in [MDA]esc with no changes in MDA
measured in serum. In the aforementioned work, no significant correlations between the
said parameters were found [1].

In conclusion, unlike the previous results obtained in amateur runners, in physically active
subjects, 50 min of high-intensity race (10 km) produces an increase in oxygen- and
nifrogen-derived pro-oxidatfive species. Probably, this could be related to a stronger
reaction response regarding the formation of pro-oxidant/inflammatory factors which are
common in subjects less adapted to high-intensity and prolonged exercise. Despite the

increase of pro-oxidants, we did not find any early modifications in lung lipid peroxidation
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and pH value in EBC. Nitrites in EBC most likely originated from a localized process in

lungs.
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4.3 Articulo Cientifico 3: Effect of exercise duration on pro-oxidants and pH

in exhaled breath condensate in humans (Objetivo 3)
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Abstract

Exercise promotes pulmonary oxidative imbalance. In this regard, some evidence has
been obtained from the study of exhaled breath condensate (EBC) during urban races,
in which the factors involved in the occurrence of this process are still not characterized.
In this paper, under laboratory conditions, both the role of time of exercise on the
generation of pro-oxidants (H202, NO27) and pH have been assessed in EBC of 16 under-
trained subjects who completed three tests of cycloergometric exercise at low intensity
(30 % of VO2 max) with a duration of 10, 30, and 90 min. Samples were obtained as
follows: immediately before and at 80 min post exerfion in each test. In the 90-min test,
an increase in H2O2, NO2~ concentration in EBC at 80 min post exertion with no changes
in the pH was observed. Total O2 consumption and tofal ventilation weakly correlated
with the changes in H2O2 and NO2-. In conclusion, the concentration of pro-oxidants in
the EBC depends on the duration of the exercise when it is performed atf low intensity

under laboratory conditions.
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Introduction

Physical exercise is a recognized trigger of changes in the redox state, particularly when
this activity takes place under special environmental condifions (cold, altitude, and
pollution) and when the intensity is high or the exercise is performed for a prolonged period
of time [2, 23]. So, redox state changes have been previously described, with the muscle
tissue being the main focus of study, in view of its major functional changes during exercise.
Thus, free radicals have been involved in the contractile activity, cell damage,
inflammation, and fatigue [25, 26, 29]. Another organ that undergoes great changes in its
activity due to exercise is the lung; hence, the flow of mobilized air increases, the
temperature of the airways decreases [19, 31], the contact with environmental pollutants
increased [10], and blood flow is also increased [?]. More details of the mechanisms were
recently extensively reviewed by our group [1]. Although some of these changes have
been suggested as destabilizers of the redox state, few works have ventured to study this
issue, and those are mostly in animal models [27]. In humans, the difficulty in obtaining
samples, on the one hand, has limited the study of the lung and fostered the development
of non-invasive methods (induced sputum, exhaled air, exhaled breath condensate) to
study the lung tissue microenvironment. In exercise, there are previous reports regarding
exhaled breath condensate (EBC) to study changes in the redox state of both athletes and
physically active subjects [6]. Thus, EBC analysis has yielded an increment of H202 and
malondialdehyde on climbers [2] and subjects training at medium altitude [15], showing
that exercise in hypobaric conditions implies oxidative lung damage [5]. In a subsequent
study, an increase in the concentration of pro-oxidants and a tendency towards airway
acidification (a phenomenon associated with lung inflammation) were found in the EBC of
runners of 21.1- and 42.2-km urban races [3]. In the same report, direct correlations
between the running fime and the absolute changes in the concentration of nitrite and
hydrogen peroxide in EBC are found. At the same time, there was an inverse correlation
between the race time and the absolute changes of pH in EBC [3]. The relations described
were found in a field study, under different environmental conditions, in different subjects,
and the exercise was performed with varying intensity, which could have affected the
results. Consequently, this study aimed to measure EBC samples, pro-oxidants, and pH of
subjects who exercised under confrolled laboratory conditions, and the main focus was

how exercise duration affected changes in these parameters.
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Methods

Subjects

Sixteen male, healthy, active (see Table 1), non-smoker subjects with no history of rhinitis or
asthma, without respiratory infection during the last month and who had not participated
in any scheduled aerobic physical activity such as urban races, swimming, or cycling. They
also did not consume anti-inflammatories, antioxidants, or any other nutritional
supplements. Participants were informed orally and in writing, before signing an informed
consent. This study was approved by the Ethics Research Committee of the University of Los
Andes.

Table 1 General description of participants

Values
Age (years) 22.3+4.2
Weight (kg) 73.5£8.4
Height (cm) 1.75+0.1
VO2 max (ml kg~ min-7) 46.0+8.2
BMI (kg m-2) 24+2.2

Values are shown as mean =SD

Protocol

Evaluations were performed as described as follows: (1) Survey of habits and
anthropometric  assessment  (Anthropometric Gaucho Kit, Rosscraft™, USA);  (2)
Determination of maximum oxygen uptake (VO2max) on a cycle ergometer (VIAsprint™
150/200p, Viasys™, USA) using exhaled gases analysis (Oxycon mobile, Jaeger™,
Germany); (3) In the following three visits, exercise was performed on a cycle ergometer at
a stable load equal to 30 % of VO2 max for 10, 30, and 90 min, in which ventilation, VOq,
heart rate, perceived exertion, and pedaling cadence (60rpm) were controlled.
Participants appeared between 8:00 and 12:00 a.m., at least 1 h after a light breakfast and
they hydrated only with the same isotonic electrolyte replacement drink, free of stimulating
substances, antioxidants and/or anti-inflammatories, after exercise was completed. All the
described physical tests were performed at a temperature between 18 and 22 °C and
humidity between 60 and 70 %. To obtain EBC samples, exhaled air was cooled and

condensed through an instrument designed and previously validated by our group [2, 4].
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Subjects were at rest, wearing a nasal clip and having previously washed their mouths with
distiled water. Then, they were asked to breathe at tidal volume for approximately 15 min
or unfil 1.5 ml was obtained. The team had a saliva trap to avoid contamination with some
mediators that occur in the mouth. Once samples were obtained they were stored in liquid
nitrogen and later at =80 °C up until their analysis. In all three protocols, EBC samples were
taken before (pre) exercise and 80 min after exercise completion (80-post), given that
previous studies conducted by our group have typically shown changes in this time of

sampling [3, 4].

Hydrogen peroxide

The hydrogen peroxide in EBC was measured using a FOX2 reagent [21]. This reagent
contains Fe*2 (250 uM), which, in an acidic medium (HCIO4, 110 mM), is oxidized to Fe*3 by
the presence of H202. The amount of H202 is monitored through the reaction between the
ferric ion and the xylenol orange indicator (250 uM). Sorbitol (100 mM) was added to the
original reagent according to Gay and Gebicki [12]; this method has been previously used
by our research group [3, 6]. For measurements, 350 yL of EBC and 150 pL of modified FOX2
were taken, then the sample was incubated for one hour at room temperature and
absorbance was read at 560 nm on a microplate spectrophotometer (EPOCH™, BioTek
Instruments, USA). Three calibration curves were performed for each measurements’ group

by using H202 (Merck) as standard.

pH

The pH was measured using Paget-Brown et al. protocol [24]. One hundred microliters of
EBC were bubbled with Argon for 8 min at a flow rate of 350 mL/min, and pH was later
measured using a 3x38 mm (diameter x length) microelectrode (Cole and Palmer)

connected to a pH meter (Oakton™ Acorn pH 6).

Nitrites (NO27)

Nitrite concentration was measured using the spectrophotometric test based on the Griess
reaction [13]. Three hundred microliters of Griess reagent (0.1 % naphthylethylenediamine-
dihydrochloride, 1 % sulphanilamide, 3 % H3PO4) were added to 300 uL of EBC. The mixture
was incubated for 10 min, and absorbance was measured at 550 nm on a microplate
spectrophotometer. Three curves were made for each measurement, with sodium nitrite as

standard.
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Statistics

Once individual values were tabulated, the Shapiro-Wilk test was applied to evaluate the
distribution of the samples. When a normal distribution was obtained, a Student’s t test for
paired samples was applied to the mean values; otherwise, the Wilcoxon test was applied.
The absolute changes were compared using ANOVA or the Friedman test. Correlations
were determined using the Spearman correlation coefficient or the Pearson test according
to the distribution. For the parameters measured in the EBC, the average and range of the
intra-day coefficients of variation were obtained from the pre-exercise values of the three
assessments for the same subjects. The significance level used was of p <0.05. For statistical

analysis, GraphPad Prism 6.0, USA software was used.

Results

With regard to the parameters pertaining to physical exercise (see Table 2), no differences
in mean heart rate (p =0.24), external load (p =0.69), or pedaling cadence (p =0.47) were
observed. Regarding the minute ventilation and relative oxygen consumption, a higher
average value was observed in the 90-min test, when compared to the 10-min fest. The
perceived effort had a greater value for the 90-min test than in the 10- and 30-min tests. For
both total mobilized air and total oxygen consumed, a smaller value was observed for the
10-min test in comparison to the 30- and 90-min fests. Also, the 90-min test showed higher
values in both parameters when compared to the 30-min test.

With respect to the markers analyzed in EBC, no differences were observed in the pre-
exercise values of the fthree tests [H202]eec (p=0.15), [NO27]esc (p=0.44), and
pHesc (p =0.12). From these values, the intra-day coefficient of variation was 51 % (0.65-
115) for [H2O2]esc, 47 % (12-92) for [NO27]esc, and 1.58 % (0.9-2.8) for pHesc. An increase in
[H202]esc at 80-post (p =0.0007) was found in the 90-min profocol, with no differences in
the 10-min (p=0.47) and 30 min (p =0.23) protocols, respectively (see Fig. 1). A similar
result was found in [NO27]eec; thus, no differences in the 10 min (p=0.14) and 30 min
(p =0.60) tests were found, showing increases of this species in the 90 min (p =0.047)
protocol, as shown in Fig. 1. The pHecvalues showed no differences when comparing
pre-values versus 80-post values in the 30-min (p =0.35) and 90-min (p =0.34) tests, while
there is a tendency to increase in the 10 min (p =0.051) test as shown in Fig. 2. Absolute
changes (A), calculated as the difference between 80-post and pre-exercise, showed a
higher value for nitrite between the 90-min versus 10-min protocol. A[H202]esc showed

differences between the 30-min versus 90-min protocol (see Table 3). Finally, no
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differences between the A pHesc of the three protocols (p=0.21) were observed (see
Table 3). As for correlations, a significant correlation between A[NO2]esc versus
A[H202]esc (r=0.32,n=16, p=0.023) was observed; no significant correlations between
ApH ec and A[H202]esc or A[NO27]esc were found. Minute ventilation showed no
significant correlations with pro-oxidants and pHesc. Total ventilation correlated with
A[H202]eec (r=0.30, n =48, p =0.041) and A[NO2]esc (r=0.38, n =48, p =0.007).

No significant correlation between this parameter versus the changes in pH was
observed. The fotal oxygen consumption during the fest correlated with
A[NO2]esc (r=0.33,n =48, p=0.02) and showed a tendency to show significance with
A[H202]esc (r=0.26, n =48, p =0.06) minute-relative oxygen consumption did not correlate

with pro-oxidants nor with pH esc.

Table 2 Workload and the physiological response in three different exercise protocols

duration
10 min 30 min 90 min
Load (W) 59.93+5.1 59.94+5.1 59.80+6.2
Cadence (rpm) 59.69+0.7 59.95+0.2 59.86+0.8
RPE 1.96%1.1 225%+1.0 572+ 1.6% **
HR (beats min-T) 103.2+8.6 105.1+£8.1 106.7+11.5
VE (L min-1) 26.18+2.6 27.21+1.7 28.51+1.8*
Total ventilation 261.6£25.96 816.3+53.26* 2568 £ 168.30* **
(L)
VO2 (mL kg~! min- 12.66+2.5 13.79+2.4 14.43+2.2%
)
Total VO2 (mL kg) 126.5+25.57 413.80+73.50* 1297.0 £ 200.0* **

Values are expressed as mean =SD

*p <0.05 difference from the 10-min test; **p <0.05 difference from the 30-min test
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Table 3
Effect of exercise duration on the absolute changes in pro-oxidants and pH in exhaled
breath condensate

10 min 30 min 90 min
A [H202] (umol L) -0.03 -0.03 0.06"
(—0.18, 0.07) (—0.12,0.025) (0.03,0.12)
A[NO27] (umol L) -0.26 0.12 0.21 "
(-0.59, 0.0) (—0.48,0.61) (0.0, 0.85)
A pH 0.10 -0.02 0.00
(-0.02,0.19) (-0.12, 0.04) (—-0.08, 0.23)

Values are expressed as median with interquartile range in parentheses
*p <0.05 difference from the 30-min test; **p <0.05 difference from the 10-min test

Discussion

Exercise requires more body oxygen consumption; therefore, physiological modifications
necessary to increase the provision of this element are brought up. Thus, an increase in
ventilatory activity is generated by increasing both depth of inspiration/exhalation and
respiratory rate. Under exercise conditions, our group has previously reported increases in
the pro-oxidants generation measured in EBC and correlations between the time of
outdoor exercise and the production of these species in different groups of subjects
[3. 6]. In this report, we created a protocol that involved three tests of different duration
in which the subjects performed exercise where the temperature, moisture and
contaminants from the ambient air were controlled. Moreover, unlike the tests performed
in the field in the current experimental set, it was possible to continuously measure
relevant physiological parameters and fo confrast them against pro-oxidants. Thus, we
find that in front of intensity close to 30 % of VO2max, a cycloergometric profocoal,
developed at a fixed external load, produced increases in minute ventilation, minute-
relative VO2, and perceived effort which are probably associated to the fatigue showed
in the last part of 20 min fest. Although we cannof rule out that these changes are
involved in the phenomenon under study, we note that the big difference of stimulus o
our subjects was the increase in total ventilation and total relative VO2to which they
were exposed to; so, in both parameters, nearly 10-fold differences between the 10 and

90 min stages were observed. The large increase in the total described ventilation is of
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parficular interest, since this implies the possibility of lowering the temperature of the
airway, favoring mechanical damage and promoting evaporation of fluid from the
epithelial surface; it has been suggested that these factors in exercise are involved in the
iritation and inflammation of the airway [1, 11, 19]. As for total relative VO2 during the
test, it is relevant since an association between the highest oxygen consumed and the
increase of reactive oxygen and nitrogen species has been described [18].

In the lungs, both normal cells and inflammatory-type cells can form pro-oxidants derived
from oxygen and nitrogen. H202, which is one of the reactive oxygen derivatives, has
been determined in EBC samples, in both patients with COPD or asthma [20, 35] and in
subjects who perform physical exercise [2, 6, 17, 22]. Although its origin is not clear, there
is a history that links its concentration in EBC with both blood phagocytes [32] and
inflammatory cells in induced sputum samples [16], which are active producers of pro-
oxidants and characteristic of defensive processes. In the present study, an increase in
[H202]esc in the 90-min test was observed. Furthermore, the A[H202]esc was higher in the
90-min test, when compared to the 30-min fest. Taken together, these data suggest that
exercise fime determines the [H202]esc. The influence of fime on exercise has not been
the focus of a study previously; however, there are reports of brief protocols of exercises;
in this sense, Nowak et al. [22] in a é-min protocol at 120 W no change was found.
Similarly, in samples obtained during the performance of a submaximal exercise (60 and
120 W) lower than 10 min, increases in [H202]esc [17] were not found, either. In prolonged
exercise, our group has previously reported increases in [H202]esc, 80 min post exercise in
runners who exercise between 1 (10 km) and 4 h (42.2 km). Specifically, we can compare
the current 90-min protocol with a 21.2-km race, so while in the first mentioned example,
increases of +40 % in 21.1 km (about 100 min) are found, runners showed changes from
+200 % to the 80-post [3] at similar baseline of H202. The foregoing suggests the probable
influence of exercise intensity on the generation of H2O2 at this level. In this direction,
Mercken et al. [20] reported increases in H202 production, measured in the EBC, in
healthy people, after about 12 min when the exercise was maximal, while no changes
were observed during the same time of exercise performed at 40 % of maximum output
(80 W approx.).

Nitrite is another chemical of great importance in the study of redox state; this substance
is part of nitric oxide metabolism, a chemical species with multiple physiological and
pathological functions. This substance has also been observed in the EBC from
asthmatics [28] and healthy people who exercise [3, 6]. In this report, [NO2-]esc increased

in the 20-min protocol. This same exercise fime showed higher A[NO2 ]esc values than in
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the 10-min protocol. According fo our judgment, these results support the idea that the
increase of time doing exercise, at low intensity, increases [NO2 ]esc. This parameter has
also been previously reported by our group and increases in [NO27]esc in exercise for
more than 1 h duration have been described in both poorly trained people who ran
10 km [6] and runners of 21.2- and 42.2-km races [3]. In this last work, correlations
between tfime of exercise and A[NO:2]ec have been found, which somehow led to
specifically study the effect of exercise time. As in the case of H20x2, it is seen that the
magnitude of changes observed for [NO2 ]esc for 90 min of exercise, under controlled
conditions, is 13 %, while for the 21.2-km race, increases of 90 % are found. This reinforces
the idea that exercise intensity (after total ventilation) is involved in generating this
difference.

Airway acidity has been studied by determining the pHesc, which is lower in the case of
pulmonary inflammatory processes [7, 28]. It has a high rate of reproducibility [34], which
we found in our sample, too. In this report, a tendency to increase after 10 min is
observed, with no changes at a longer exercise time; deltas showed no differences,
either. The reported tendency to increase, in the current work, is similar to that found in
by another authors [8, 14, 30]. For example, Riediker et al. [30] in an exercise on a
tfreadmill at a slight higher intensity fo the one presented here (calculated as 60 % of
maximum heart rate), where an increase in pHec was found, measured 1h affter
exercise.

Along the same lines, we have also found a tendency for pHescto increase in
participants of 10 km race in both untrained [6] and runners [3]; the last two races were
performed at maximum effort. Contrary to what we expected, the result of low pHesc by
prolonged exercise was not reproduced, as it was previously found in runners [3]. In part,
this can probably be explained due to the low intensity of our current protocol.

In the search for the mechanisms of the observed variations in pro-oxidants and pH in the
EBC as described above, we correlate their absolute changes versus some measured
relevant physiological parameters. In first place, it was of particular interest to assess the
minute-relafive oxygen consumption and total consumption in these samples during
exercise, as well as the known relationship between oxygen consumption and formation
of pro-oxidants [18]. In this regard, we found a significant but weak correlation between
A[NOz7]esc and total relative VO2 in addifion to a tendency to significance for A[H202]esc;
according fo this, it is likely that, at least in part, the increased consumption of O2 may
explain the increase in the pro-oxidants in this organ. Regarding ventilatory changes, as

mentioned in the first paragraph, these would be the primary source of changes that
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occur in the lung microenvironment measured in the EBC. In this way, while minute
ventilation did not correlate with any of the markers measured, we did find significant
correlations, albeit weak, between the total ventilation and changes in the studied pro-
oxidants. From our point of view, this helps to support the idea that the total amount of
mobilized air inflames and generates oxidative changes on airway epithelium, but it
probably only constitutes one of the factors involved in the phenomenon described. In
another aspect, it is likely that the low correlations are also influenced by the
reproducibility found (similar to other authors [33]) for [NO27]esc and [H202]esc. In this
regard, an advance in the search of strategies (improvement of sampling devices,
protocols, obtention of fractions) should be made, in order to use these samples in the
non-invasive monitoring of athletes in the future.

In conclusion, a low-intensity cycloergometric exercise, performed under laboratory
conditions, the concentration of pro-oxidants in EBC depends on the exercise time.
Moreover, the increase of the observed pro-oxidants, depends, in part, on the total

oxygen consumed and the total air mobilized through the airway during exercise.
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5. Discusion general

A pesar de la gran cantidad de literatura cientifica que existe sobre estudio de los efectos
oxidativos (produccién de pro-oxidantes; estrés o dafo oxidativo) e inflamatorios
(actividad de células inmunes, biomarcadores inflamatorios, pH) pulmonares inducidos
por ejercicio, la mayoria de estos evidencian cada proceso de forma independiente
(articulo cientifico 1). Es reconocida la estrecha relacién que existe entre la inflamacién y
estrés oxidativo, sobretodo en procesos patoldgicos. Aquellos estudios que han utilizado
marcadores para ambas respuestas, desmostraron que en el pulmdn esta relaciéon se
mantiene cuando el estimulo es el ejercicio [14, 99, 112]. Durante la actividad fisica, el
incremento de la ventilacion favorecerd la deshidratacidn y dano sobre el epitelio
respiratorio, propiciando la inflamacién, la cual puede verse exacerbada por el ingreso de
contaminantes [113] o aire frio [85]. Todos estos factores nocivos activardn la respuesta
defensiva de los macréfagos alveolares con la concomitante activaciéon de la NOX, asi
como ofros mecanismos de produccidn de pro-oxidantes (ver apartado 1.2),
incrementando los niveles de Oz2-, H2O2 y ON-: (o derivados metabdlicos, por ejemplo el
NO2), instaurando un ambiente oxidativo. Este Ultimo, puede ser producido en las células
epiteliales (infracelular) o endoteliales del sistema respiratorio (infravascular). Junto con el
proceso oxidativo, se activard una respuesta inflamatoria, incrementando la presencia de
células inmunes polimorfonucleares (también con capacidad oxidativa), interleuquinas (IL-
8, TNF-a, PGs) y otros marcadores inflamatorios (histamina, pH dcido). Un aspecto a
destacar en la revision bibliogrdfica (articulo cientifico 1) fue que la mayoria de los
estudios en humanos utilizaron muestras obtenidas con técnicas no invasivas tales como el
AE o AEC. Otfro método es el esputo inducido, técnica definida como semi-invasiva, ésta
es una maniobra muy utilizada para la cuantificacion de células inmunes presentes en el
sistema respiratorio. Las técnicas invasivas utilizadas para el estudio de la inflamacién y
estrés oxidativo pulmonar en humanos son la obtencidn fluido de lavado bronquio-
alveolar, broncoscopia y biopsias bronquiales, las cuales son cada vez menos requeridas
debido a la popularidad que han alcanzado el AE y AEC. Los principales factores son su
alto costo, necesidad de un mayor despliegue técnico y equipamiento, pueden producir
dano al epitelio respiratorio durante su ejecucién, tienen mayor riesgo de infeccion y
necesitan que el paciente se encuentre sedado [114].

El AEC es una técnica que: 1) no genera incomodidad en el sujeto (se realiza en
normoventilacion); 2) no provoca (sanos) o agrava (enfermos respiratorios) la inflamacién
de las vias aéreas; 3) alta portatilidad; 4) tiene una menor dificultad de ejecucién para el

evaluador; 5) es posible almacenar las muestras para futuros andilisis; é) permite estudiar el
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fendmeno oxidativo e inflamatorio en conjunto; y 7) es de bajo costo. Estas caracteristicas
han ampliado su uso, siendo utilizado en situaciones tan complejas como sujetos
expuestos a ambientes hipobdricos a grandes alturas [112] o aquellos que se ecuentran
hospitalizados en unidades cuidados intensivos [115].

Un aspecto innovador en el estudio del AEC es que hoy en dia es posible fraccionarlo,
esto ha permitido a investigadores estudiar de forma aislada la respuesta inflamatoria y
oxidativa en dos segmentos pulmonares, el alvéolo vy las vias aéreas. Lo anterior, permitird
disminuir la variabilidad de los resultados de los biomarcadores, ya que el muestreo no
controlado de EBC de ambas regiones puede causar una dilucidn indefinida del
biomarcador en la region afectada por la muestra en la regidn no afectada. Otra
caracteristica que posee el AEC es que permite el estudio longitudonal del paciente,
pudiendo evaluar los resultados de la terapias farmacolégicas, lo cual no puede ser
realizado por la medicién del ON- en el AE. A pesar de que este Ultimo permite detectar el
nivel de inflamacién pulmonar de manera rdpida, vdlida y eficaz, su utilidad ha sido
limitada a pacientes con asma, y su rol en el manejo de otras patologias respiratorias ain
no es conocido [116]. Sin embargo, el AEC también tiene algunas desventajas, por
ejemplo existen dudas razonables sobre el origen de las sustancias presentes en el
condensado, ya que aunque la mayoria de la muestra proviene de las microgotitas
producidas en la interface de fluidos que cubren las vias respiratorias y los alvéolos, no se
descarta que pueda estar contaminada la zona por sustancias procedentes de la boca,
la orofaringe o incluso el fracto digestivo superior [117].

Desde los resultados descritos en la tabla 1.A en la revision bibliogrdfica (articulo cientifico
1) se puede desprender que el ejercicio fisico agudo maximal en humanos sanos
(entrenados, activos sanos) provoca un incremento de los pro-oxidantes pulmonares [100,
101, 118-123]. Estos efectos fueron exclusivamente observados para el H2O2 y NO2, ya que
el VNO también incrementd en intensidades bajas [124]. Asimismo, algunos autores
detectaron un incremento en el dano oxidativo (MDA) en altura [38] y en la
concentracion de pro-oxidantes (VNO y H2O2) luego de ejercicio de intervalos de alta
intensidad [85, 96, 125] y corta duracién (<30 min) [96, 126]. Asimismo, cuando el ejercicio
fue submdaximo (75 — 80% de la frecuencia cardiaca mdxima), pero de mayor duracion
(~50 min), el H2O2 también incrementd [85]. Junto con esto, ejercicios de intensidades
bajas no provocaron cambios en el H2O2 o MDA en sujetos sanos [93]. Ahora bien, sélo
algunos han relacionado estos efectos oxidativos con biomarcadores inflamatorios
(células de inmunes, citoquinas inflamatorias, acidosis) en ejercicio agudo, por ejemplo
Araneda OF ef al. en [38] y [14] analizaron H202, MDA, NO2 y pH en AEC (tabla 1.A del
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review). Este autor coincide en que una mayor duracién del ejercicio a intensidad
moderada (>30 min) provoca un incremento de los pro-oxidantes pulmonares con una
tendencia hacia la inflamacién.

La inflamacién pulmonar inducida por ejercicio agudo en humanos ha demostrado ser
significativamente incrementada con ejercicio agudo de alta intensidad y prolongado
(~30 a 60 min) [67], principalmente de los polimorfonucleares [66, 127]. Ademds, un
incremento de los biomarcadores inflamatorios (leucotrienos e interlequina-8) pulmonares
fue observado cuando el ejercicio ejecutado fue de larga duracion (>60 min) e intensidad
moderada [66, 90, 128], sin embargo en algunos caso el pH no disminuyd
significativamente [62].

Ahora bien, en animales las respuestas oxidativa e inflamatoria inducidas por ejercicio
agudo no coinciden en su totalidad con humanos, ya que en animales si se ha observado
lipoperoxidacién (1 MDA) a nivel del mar [104, 129]. Cabe destacar que en los animales se
utilizaron muestras de tejido pulmonar y en la mayoria de los estudios con humanos se
utilizd el AEC, este Ultimo puede ser debido a una mayor dilucidén de los productos de la
liperoxidacion, siendo mds sensible la biopsia. Respecto a la actividad enzimdtica
antfioxidante en animales destaca el incremento de la SOD.

El entrenamiento con ejercicio de larga duracién provoca un incremento de la
inflamacion crénica sin efectos clinicos detectables, esto se exacerba cuando en el
ambiente hay presencia de gases del cloro (piscinas), aire frio o cuando los voluUmenes
ventilatorios son muy elevados (ejercicio de larga duracién y elevada intensidad;
corredores recreativos) (articulo cientifico 1). En el caso de los humanos, la infiltracién de
elementos celulares (PMNs, macréfagos y linfocitos) fue lo mdas significativo. Para los
estudios en animales, los biomarcadores solubles fueron claves en demostrar la
inflamacion pulmonar, destacando el TNF-a. Sin duda, el problema requiere estudios
adicionales para aclarar numerosas preguntas que nos permitan tener una vision mds
definitiva. Uno de los principales desafios en este campo consiste en mejorar las
condiciones técnicas que permiten obtener muestras representativas del entorno
pulmonar en sus diferentes compartimientos (aire exhalado condensado fraccionado).
También es necesario caracterizar el efecto del tiempo y la intensidad del ejercicio
realizado (articulos cientificos 2 y 3), asi como el papel de las condiciones ambientales y el
nivel de entrenamiento de los sujetos sobre el dano oxidativo/inflamacién pulmonar por
ejercicio. De igual modo, debe estudiarse la actividad de las fuentes de producciéon de
radicales libres en el pulmdén (mitocondria, xantina oxidasa, NOX y NOS) y conocer el

estado de los sistemas anfioxidantes, particularmente en humanos, ya que no hay registros
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disponibles. En cuanto a los pardmetros inflamatorios, el estudio de los mediadores solubles
de la inflamacién debe extenderse; ademds, el efecto de sustancias con efecto
anfioxidante y anfi-inflamatorio debe ser explorado. Finalmente, se requiere generar
investigaciéon que examine los pardmetros de los mecanismos oxidativo/inflamatorio
simultdneamente, para establecer la interrelacidén que existe entre ambos procesos
(articulos cientificos 2 y 3), identificando el nivel de compromiso de cada una por si sola y
en conjunto.

El primer experimento de esta tesis (articulo cientifico 2), llevado a cabo en un grupo de
sujetos sanos levemente entrenados (9,2 = 3,3 hr/sem) que realizaron una carrera de 10
kilbmetros al aire libre, demostrd que existe una tendencia hacia una respuesta pulmonar
oxidativa/inflamatoria luego de un ejercicio de moderada duracion (~50,6 + 4,6 min) e
intensidad alta. Las muestras de AEC y plasma antes del gjercicio fueron comparadas con
las medidas 20 y 80 minutos de después del ejercicio. Las respuestas oxidativas e
inflamatorias observadas independientemente en las investigaciones previas revisadas en
esta tesis (articulo cientifico 1), fueron en parte confirmadas en este experimento (articulo
cientifico 2) para ambos procesos (oxidaciéon e inflamacién pulmonar), ya que se observd
que un gjercicio de alta intensidad al aire libre aumenta los pro-oxidantes originados en el
pulmdn en sujetos no atletas sin evidencia de peroxidacion lipidica temprana, ademds
hubo asociacion alta, donde un menor pH se relaciond con un mayor nivel de proxidantes
(H202 y NO27) en el AEC. Uno de los aspectos que influyd en la respuesta oxidativa de los
parficipantes fue su bajo a moderado nivel de entrenamiento para esta disciplina
(VO2max promedio= 47,4 + 6,0 mi/kg/min). Esto podria tener una repercusién negativa en
dreas donde el ejercicio es utilizado como una herramienta terapéutica, por ejemplo en
rehabilitacion cardiorrespiratoria (EPOC, Insuficiencia Cardiaca, etc). Serd necesario
enfonces considerar que una capacidad cardiorrespiratoria reducida, puede favorecer a
bajas intensidades de esfuerzo y elevada duracidén, un mayor efecto
oxidativo/inflamatorio pulmonar, limitando o complicando el proceso de rehabilitacién en
estos pacientes, ya que como es reconocido, el ejercicio terapéutico, incluso en estos
pacientes, puede disminuir el estrés oxidativo luego de un adecuado entrenamiento
fisico [130]. Ahora bien, en sujetos entrenados no se han observado estos cambios, este
hecho puede ser explicado por un incremento adaptativo de las defensas antioxidantes
[131] y por una menor respuesta inflamatoria como resultado del ejercicio crénico [132].
Por lo tanto, serd recomendable a futuro reevaluar sujetos con diferentes niveles de

entrenamiento y compararlos en las mismas condiciones.
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Durante el ejercicio fisico, el incremento del ON- en los pulmones se encuentra implicado
en la dilatacién de las vias respiratorias y vasos sanguineos [133]. Sin embargo, también
el ON- se encuentra relacionado al desbalance redox en condiciones patoldgicas, tal es
el caso de algunos procesos inflamatorios respiratorio como el asma bronquial y la EPOC
[134]. La vida corta de este elemento hace que sea necesario determinar metabolitos
mds estables, estos son el NO2 (articulo cientifico 2 y 3) y NOs- [135], los cuales pueden
formarse a partir de células pulmonares tipicas (células epiteliales, células endoteliales,
células del musculo liso), asi como en leucocitos y eritrocitos [136]. En esta tesis (articulo
cientifico 2), se observé una tendencia al aumento de [NO2] del AEC y de la relacién
entre [NO2]-AEC/[NOz]-plasma después de 80 minutos de finalizado el ejercicio en
sujetos que no estdn acostumbrados a este esfuerzo extenuante, a diferencia de lo que
se ha observado en corredores habituales. Es posible que hayan ocurrido aumentos de
ON- durante el gjercicio, ya que el NO2 puede permanecer sin estar completamente
depurado en el aumento de la actividad endotelial de la éxido nitrico sintasa tal como
se observa en modelos animales y/o en la actividad aumentada de esta enzima como
se ha descrito en los leucocitos humanos después del ejercicio [137, 138]. Al igual que
que el estudio llevado a cabo por Araneda et al. [14], intensidad del ejercicio debe
significar un esfuerzo mayor en duracién para activar considerablemente el incremento
del nitrito, mds auln si los sujetos son entrenados, ya que este estudio no observd cambios
en la [NO2] del AEC después de una carrera de 10 kildbmetros, mientras que si se
observaron cambios en carreras de 21.1 y 42.2 kildmetros. Esto confirma lo obtenido en
esta tesis (articulo cientifico 3), ya que en un ejercicio de baja intensidad (30% del
VO2max), llevado a cabo en sujetos levemente entrenados, se observaron cambios
significativos en la concentracién de NO2 luego de 90 minutos de ejercicio, no asi en 10
y 30 minutos. Lo mismo ocurrid con el H2O2, ambos en AEC pero no en plasma. La
muestras fueron obtenidas 80 minutos después de finalizado el ejercicio. Creemos que
los datos recolectados, como un todo, apoyan firmemente |la idea de que el ejercicio
prolongado intenso en esta poblacién, en las condiciones descritas, altera el estado
redox del microambiente pulmonar.

La diferencia en la respuesta pH en el AEC entre carreras de 10 kildbmetrosm y distancias
mds largas puede estar relacionada con la mayor intensidad de la respuesta
inflamatoria frente al aumento del estimulo (distancia de la carrera) y el tiempo
necesario para establecer un proceso inflamatorio en el tejido; esto se ve reflejado al
comparar nuestro sresultados de una carrera de 10 kildbmetros, donde no observamos

modificaciones es de aproximadamente 1 hora (articulo cientifico 2), con los resutados
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de una maratdén de aficionados que tomd alrededor de 4 horas, donde Araneda et al.
[14] si observaron cambios en el pH. En este sentido, serd una gran contribuciéon para el
futuro, extender el tiempo de seguimiento de este pardmetro después de la carrera
(horas o dias posejercicio) e incluir marcadores especificos de inflamacién tales como
citoquinas. Respecto a MDA en el AEC, no se observaron cambios (articulo cientifico 2)
igual que en estudios previos en muestras obtenidas a pocas horas después del ejercicio
[14].

Un grupo de sujetos sanos fisicamente activos que readlizaron 90 minutos de
cicloergometria a baja intensidad (30% del VO.max), a diferencia de aquellos que
hicieron 10 y 30 minutos a la misma intensidad, produjo un incremento en la ventilacién
minuto, el consumo de oxigeno relativo a los minutos de ejercicio y la percepcién de
esfuerzo los cuales probablemente estdn asociados a la fatiga evidenciada en la ultima
parte de los 90 min (articulo cientifico 3). Aunque no podemos descartar que esos
cambios estdn involucrados en este fendmeno de estudio, el gran incremento
observado en la ventilacidén es de particular interés, ya que implica la posibilidad de
descender la temperatura de la via aérea, favoresciendo el dano mecdnico, y
promoviendo al deshidratatcion del epitelio. Ha sido sugerido que estos factores se
ecuentran involucrados en la irritacion e inflamacién de la via aérea [13, 139, 140].
Asimismo, el VO3 total relativo durante el gjercicio, es relevante porque se asocia posible
incremento de la formacién de especies reactivas de oxigeno y nitrégeno, tal como fue

descrito previamente [102].

Ahora bien, es necesario proyectar los siguientes objetivos de estudio en el dmbito de la

oxidacién e inflamacién pulmonar inducida por ejercicio:

1. Profundizar en la caracterizacion de los efectos oxidativo e inflamatorio pulmonar
inducido por ejercicio en humanos sanos entrenados y no entrenados, destacando
los efectos de la intensidad, duracién y tipo de ejercicio, asi como el tiempo
inmediatamente después de finalizado el ejercicio. Lo anterior permitird crear un

modelo de estudio confiable para este dmbito.
2. Profundizar en el conocimiento sobre los efectos del uso de agentes antioxidantes

y desinflamatorios, a través de modelos de estudio sobre oxidacién e inflamacion

pulmonar inducida por ejercicio en sujetos sanos.
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3. Estudiar el comportamiento del efecto oxidativo e inflamatorio en dias posteriores

al momento de evaluacién (por ejemplo a las 24, 48 y 72 horas) con ejercicio.

4. Profundizar en el conocimiento de los efectos provocados por diversos factores
ambientales (aire frio y seco, contaminaciéon, altura, entre otros) durante la

ejecucion del ejercicio, destacando la integracion de sus efectos.

Extender el estudio de las respuestas oxidativas e inflamatorias pulmonares en la
poblaciones que utilizan el ejercicio como herramienta terapéutica (rehabilitacion
cardiorrespiratoria o metabdlica), ya que en la mayoria de los casos, el ejercicio utilizado
en rehabilitacién tiene una duraciéon entre 30 min a 1 hora de ejercico continuo de
moderada intensidad o en intervalos de alta intensidad (seguln las guias internacionales), y

aun se desconocen algunos sus efectos.
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6. Conclusiones generales

Las principales conclusiones en esta tesis son las siguientes:

1. El mecanismo de muestreo de Aire Exhalado Condensado (AEC) permite medir un
gran nUmero de biomarcadores capaces de caracterizar en conjunto el
fendmeno oxidativo e inflamatorio pulmonar inducido por ejercicio, sin agravar

estos efectos debido a sus caracteristicas de no invasividad.

2. Una mayor intensidad de carreras en humanos levemente entrenados, mds audn si
es maximal, incrementa la produccién de pro-oxidantes pulmonares (H202 y NO2)

e induce una tendencia hacia la inflamacidn, sin producir dafo oxidativo.

3. Una mayor duracién de cicloergometria (90 minutos) en humanos activos no
entrenados, incrementa la produccién de pro-oxidantes pulmonares (H202 y NO2)

y provoca una tendencia hacia la inflamacion, sin producir dafo oxidativo.
4. Los resultados obtenidos en los experimentos (articulos cientificos 2 y 3) confirman

que estas respuestas tfienen un efecto local (pulmonar), sin generar cambios a nivel

sistémico.
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and the inflan natoey system are descrbed in Flgurs 1.

3. Changes in Pulmonary Redox State and
Exercise-Induced Inflammation

As mentionad peaviowdy plrysical oxcecise induces changes
in the redeocinfammatory 2ate of the organksm, at bath
mic level and the diffcrent organs. In this regand,
z&‘&‘mduu 'ﬂmﬁ
most
pulmonary oxdative damage ind infanmaton cawed by
ouecke we summarized [n this review, the woek crried

cut In bakby subjects was nﬂqd.l?mﬁuh
mbyponm;nmmﬁhml. cold
hare baen Inchuded, having astde alr ais, becauss there
are saveral ceviews this ot |43, 4. Tha detalls
of the studies Inchuded In werms of goaks, characteriatics of
the sample, the
the damage
are summarizad In Tabkes 1 and 2 foc human 2
respactively.

xeeche
ammals,

4. Pulmenary Redox
Balance and Acute Exercise

A direct rdatioaship has also beca reported durng exerdise,
Numtauaumua:fwbcvdwo{
aduled ntrc aude (VNOJ, mndy voune mimge (VE)
WWMMM(MLth
[50,60, 63,8, 71, 82, 850, G)L:dm subjects
[75. 9. During oxecie, eNO have becn to be
ducreased when lnaaanng VO, [59, 5] VE [75] In
sedentary andactive subjects [S1 60, 68, 69, 75,32 65,36, 92).
In athketes, urnlke Marcun et al [75], Xppekn ot al. |
showed changes In eNO during exercdise. [n aninal mﬁ
while exerdsing heathy horses, Mills ¢ al. [D2] cbserved

nhnuumof&ovso-hcmcmmq‘m
Increased. Aker exercise, nerc cdde concentratons have
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shown controwersial results. In swimmars, Boasignoes ot al.
[57] repocted 2 ecreased @NO aftee Skm (~1Wmin) in
slighdy chlorinated pool; when the samae test
& the sea no changes were cbsceved In pair but the
sume distance was maintained at the sea. In other studies,
dso 2 decroased @NO afier exercie bas been cbserved in

heakby subjcts [64, 70, 88, 91). However In youngstees not
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trained In swimming, Carboandle ot al. [ 53] found Increases
of &NO after swimming 2 sesslons of ~J00 m in 4Smin ln 2
pocl sanittzed with dlectrical peocess (ncachlorinated water).
Also, De Gouw et al. [61] found a0 lnareased eNO in healthy
aubjects after cyding tor & min using dry ate whik ventilatica
was kopt constant in 40-50% of his or hee peedicted maximal
voluntary ventilation (35 x FEV,). Other studies showed
no changes In the eNO after excecise: Fort-Ribera & al
[65] found no difercaces in ¢NO ccacentrations in pool
swimmeres, the same occurred with eNO In swimmeres after
n exerchse of 45 min [$1] and 1n bealthy subjects after ctther
Ffuqom:[“.u]umdnﬂmnlmmm
30].

Through the axhal of becath condensate (EBC) analysis, to
obserwe the cxidative effects of the moderate acute exerche,
Nowak ct al. [79] subjected a of he octs 10 2
mga)c. qdomntdwdzﬂmthq
found no changes In H,0; and thicharbituric ackd reactive
nbnmt(mu).mdlnnl [46] found no changes
of H;O, in EBC after three maximal ergometries of
imio 0 dnuydmam.donamqrunnndm
mbuuudlm(umlmhﬁnamnmm
o al [72], tn two submaximal cyck cegometries to 60 W
(~7 min) and 120W (~5min), and later in maximal oxerdse
(~13min), found no differences In H,O, conccniratioa in
EBC [73]: however, in both stodies, Increases were found
in the fow of foemed H,0, after exerdse. On the same
prooxidant, Merdken ot al l“)inadnh:mudnm
tmal cychk ergomatry in heakhy subjects, with Increments of
10w/min, but they did not find any difeccaces in subjects
with chronic chstructhe pulmoaary diseass after exerche.
However, In another study they found no difercaces in H;O;
when bealthy subjects perfoemed a cyde eegometry with one
kg (40% Fe.) 20min [77]. Marck et al. [74] found
that, after SO min ol Intensky running developed at
~€'Cand ~-15'C of emironmental temperature, the con-
ceatration ind production rates of H, O, 1n EBC were higher
when the axeecise was carried cut 1o a cold cavironment.
Recently an hncreass in H,Oy and alirite concentrations and
correlations betwaen both metabelites in the EBC of 21 and
422km race participants were found. Also In this gody,
while ntris Inaeased in EBC, plasmatic nlirtte showed no
modibizaticas and no corrdlations batween these variables,
which suggestsa peobablelocalized origin ofthis process [S3].

Untd now orly two studies have determined cae of the
potential sources of peooxidants; thus, it has beca described
s a0 Increment of xanthine oxidase activiy in the

of rats that pw"ﬂnm”:.m
(~15min) ca a treadmill (20 m'min), besides MDA and NO
(], Ukewtse, Huang ot al [10] observed an Increase of
the activiy of xanthine cddase and kng MDA in older rats
after running ca a treadmill usedl fatgoe, during ~63 min at
'vivqm:hvlnd'LIMAHCI.M]hu

Increases in TBARs I rats that swam for 20min and 20min,
respactivdy, whike Reddy ot al. [1M4] found Increases in MDA
inrats witha vRamin Edebclcnt 4t that swam until fatigoed.

Also In rats, increases of TBARs afier swimming during
~25h untll fatigoe were found [306). The same result was
found i pulmonary homogenates of untrained rats which
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swam until exh, (). A chse p ol of
-“rhl(lo-csu VO, max) showed no changes in TRARs in
rats [100].

In baalthy homses, no differences were observed In Iso-
prostany &-opl-PGF2x of suparnatant of broadhodwolar
lavage flusd (BALF) after 50 min of nnning [13]. An inare-
ment of carbonyls in the lungs of rats was cbserved by Radik
ot al. 1] after an exercise tll exhaustion on the teaadmill.
Howevee, after an hour of 2 moderate Intensity nun In young
(nd]ddrnnodm.-woobsmwdmlhlqw
109

‘With regard to the pulmonary anticddant co zymes, after
an hour of acute moderate exercise protocols on treadmills,
young ras showed an Increase In the acthity of
enzymes nq:?& dismutase (SOD) of the type CuZn-
SOD, Mn-SOD, of the catalase (CATL without changes in
the ghtathlon: peraddase (GSH-Px). The mRNA expression
foe these cazymes did not show difercaces [39]. Lin ot al.
(] found an incraase In SOD and gutathione radoctase
(GR) activity wih no changes in CAT and GSH-Px
in rats that ran at 30 m/min and 10% sope until fat e
Roally, acute and peolonged oxrdse (moes than an hour)
& £0-55% VO,max showad no changes In the acthty of
GSH-Px and SOD [X7]. In acute exercha pectoccls, wsing
swimming, RPaddy ¢t al. 4] found an Increase in SOD
and ghtathlone transferase (GSTL whie miMd decreases
In GSH-Px acthity were cbserved In rats that swam until
fatigued. Prigol ot al. [115] found Increass in CAT acthtty
In rats that swam btlzolua.lntmlhtmbtn
hour, Terblanche [1)$] found Increased CAT activity without
difercnces between males and fernales. In rats 13 months
old. Huang &t al. [110] described an Increase of SOD acthvity
mhmulncldwdatml-uucl
afier Simin on treadmill at 0% of VO;max Streauous
exerche Increased the acnity of GSH-Px, with no changes
in GR [119]. 1n a report of Al-Hashem et al. [)06], rats that
exercised until fatigue decreased the acthity of SOD and
CAT.

At exerche has abo altered the leweks of noncazymatic
antioxidants; an Increase of uric ackd has baen desaribed
with no changes in total 2. In GSH, and In GSSG
In BALF, afice S0min of Incemeatal exercise in bealthy
horses [13]. In a study of rats thet ran during ~£1min & 70-
75% VO, max until no varktions were found in the
hougmadluu@llml.luwhmmm
(~25h), no differcaces were found & 600 m of akitude,
there was a decrease of GSH levds at 2270 meters [106]; In
this same repoet, it was found that mantation with
noncazymati: antioxidants suh as ViIC (20mg'kg) and
WVHE (20mp'kg), a stngle dose one hour before arting the
exerchse, docreases pul monary liptd peroxidation and SOD
and CAT activRies incraases, in both atrodes. Addimionally,

mantatica shows 1 leveks of GSH to
wmk not treated In mm[m]. e

Thus, the increase In procoddants and s conse-
quences (ipid peroxidation) 10 acuts exerdise appear
to be related to the high intcastty and duratica of the
effoet, 1o teems of cither minge ventilition or axygen
ccasumption, and are enhanced by a hostile cavironment

15

(hypoxia, pollution, cold, ctc). Howevee, 2 malnly eazy-
mati: anticckdant adaptive respoase is still coatroversial. In
contrast, the use of vitamin redocees (C and E) allows the
antioxiant to be Increased and cxddative damage to
be controlled isee Tables 1(a) and 1(b)).

5. Pulmonary Redox

Balance and Chrenic Exercise
In a fiest stody of rnhumy ooxidants and chronic
m.cuwza 3 07L no difercaces in ¢NO of
child swimmers ( 1 'wedk during 6 moaths). Martin
ot al [102] cbscrvad no differences in @NO of athlctes based
1n pocl and not based in poal exposed to pool eavironment
during 5 and 0.5hiwedk, respectivdy. For cxidative .
Halnicke ot al. [47] found a tendency towands Increase of &
Isopeostanes in the EBC of biathletes who trained at 2800
meters during 6 wacks (4-6 hAd with | d'wosks of rest), which
Induded extenshve cross-country skiing, trength training,
and shooting technique training.

Ina modd of of rats, which In3
months 2 tatal of 24 umgomnmp\%fm
no differcaces weee found 1o pdmonary catbomyls, attrite,
or TRARs [121]. Afier 24 weeks of training & 0% V.
for 60 min'd for 5 diweek, ROS dacreased in BALF and no
changes of Increase were found in pulmonary 8 dsoprostanes
In trained mice [126). Using the same boad and fraquency
s before, the levels of eNO and MDA weee not altered
In bomo of rats trained s weeks [15].
meh..r. wm..m:a-lwﬂsofm.“:m&xnuﬂ
with a 2% of addricaal body during ~50-50 min, 10
Increment of pulmonary carbonyk and MDA was observed
[119]. Gandaz ot al. [22] found Increases of TRARS in clder
rats (21 morths) versus young rats (9 moaths), wthoat any
varigtions betwecn old rats which were cither trained or
untrained In swimming during 12 months 1 for 5 dweek
Altan ot al. [17] found increases in MDA in rats tralned
2t 3000 matees of altitade (20 min for 4 /weck during 9
wecks) compared to sedentary contecl rats and the caes not
trained maintained at sea or hetght lewel. In Sprague-Dawley
rat that was tralned Swaeks ca atreadmil, an Increase
In pudmooary TEARs and protein carbomyds was observed
[123]. Regarding oxidative stress on nuddc adds, Asumi
o a. (18] found Increases In 8-bydroxydeaxyguanceine
In rats aftee a forced race ca treadmill foe five wecks In
daily sesslons with 2 gradwal Increase in the time of 30
90 min.

The chronk exerdsing has ako had as a subject of
stody the potential dhanges of the axpeess of the
cazymas and noncazymes palmonary
Reks Gongalves ot al [15] found an Increase in the hang Mo-
SOD axpeessioa of mice subjctad to five wecks of training
it modeeate Intcastty (60min'd In 3 dMwk): however, no
changes weee observed in the GSH-Px, GR, GST, and CAT
acthities. In another study, Olivo et al. [125] obserwed
Incraased lon In onary CuZn-SOD and Mo-SOD
p axerdse test of trained mice during 4 wesks
a1 50% of the maximal speed on treadmil. Altan et al. [117]
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found Increases of SOD actihvity after nine wecks of progres-
sive training in 2 pormobaric emironment (5 to 30 minM for
4diwak), with no differences with a trained group a 2000
meters of akttude. da Cunha ot al. [121] cbserved a
pulmonary CAT activiy in the ones tralned ca a
dnmaumblios max (20 min), col d o
coatr: muwmuuﬂdinumu
Increase of the CAT and SOD activEy ln of trained rat
in swimming during 8 weeks. In mice trained ca a treadmill
foe 24 weeks at 50% V. (S0 minM and 5d'weck) Increases
of GSH-Px were cbsceved without changes of expression of
CuZn-SOD, Mn-SOD, and Ec-SOD, studled 1o sectioas of
pulmonary tissoe [126]. In another study, older animals of
21 moaths that were trained for a year (1hA and 54/ weck)
had a greater amount of SOD in comparkon to control rats
of their same age and to young rats. No difercaces were
found in CAT activiies, while GSH-Pxhad a acthtty
than a group of thelr same age [122]. Finally, Aydin & al.
[109] obsarved a decreaase In the concentrations of GSH and
an Increase of GSH-Px acthity In pul moaary homogenates
ofrm.abrdmm&so{uuu’:thmund
peograsdve waekly time increment (50-30 min).

This reflects the fact that oxidative stress Indoced by
chronk: pulmonary @xedse in animals s dosely assodated
wih intenatty| , but not with those of moderate
Intenatty (se¢ Tabke 1(b)). However, when moderate checak
exerche was executed while at high altinade, both human and
animals prescated pulmonary oxidatve damage (se¢ Tables
1(b) and 2(b)). In contrast, antioxidant adaptation seems to
be moee dosely related to the animal time, with an
Increase in the acthity of SOD and CAT In the madium term
and the expression of SOD in the short term (see Table 2(b)).

6. Acute Exercise-Induced Lung Inflammation

In horses, Kinschvink ot al. [13] found no cellular count
variation in BALF after 50 minutes of exercise In runners’
sputum of 0km (~35.4 min), 12km (~44.1 min), and 21 km

(~8%.1 min) 2 trend of increasing polymorphonockar neu-
trophils (PMN5) 1o samples of spatum was found
40]. In the same direction, ctal. [56] repocted a

perceatage of PMNs In sputum, comparad to
values peavious to exerce ind an increass n these cdls after

the marathon (~179 min). Also In induced sputum of runners,
Dengoezli- st al. cbserved In 2006 [62] and 2007
[63] an Increass of PMNs afier 60 mbutes of moderate
r In thelatter 2udy. bigher conceatrations ofhistamine,
-8 (IL-3), LT8,, and LTE4 were abio detected,
subsaquent to acute exerdse during the precompetive phase
whmmp[e}.m&uﬁ.[ﬂ.mzo.
kilomseter race (~90 min), reported an increase In[L-8 inthe
suparnatant. Races in smaller time framas (~8 min) showed
no changes in the amcount of PMN in induced sputum [93).
In rowers, afier 2 short tast of high intensty (X00m in
~3min), there was a trend towards an increass of eptthelial
cdls and a posithe association bawwn the pulmo
ventilatica/body weight (L/kg) and macrophages in nl:;z
sputum [7€]. [n swimmers, Increases In lymphocytes and

Onddative Medicing and Cellular Longevky

cosinophils and a decreass In macrophages were chserved In
Indu:ed sputum, afiee a Skm race in the ocsan (bypertonic
cavironmeat) in relation to the same test pecformad 1o an
opan poolwith low coacentration of chlorine. However, there
15 no evidence of the Increase In inflammatcey cell acthvatica
[57]). In a chlocinated pocl, 1n high swimmees,
no changes were obsered In the ar compoattion of the
indo:ed and the pH In EBC after 45min at moderate
Inteasity [31). Larssca & al. [32] found an increase of granulo-

s and macrophages 1o subjects that tmed one hour
:f,':xncm.co nmml’?-n'c.wm IL-3 changes
in BALF samples. Dectvathves of arachidonic acd hane baca
godid In three works: thus, in a maximum acute oxerdse

of y 2 min, increases in E; wnd
D,Mhtlcwnm :Wmu
[ul.'nulmhotrnulntbc were stodied by Bikov ot
al. [54): thus, after an cight-miote test ca a treadmill no

diffccences In the ccacenteation cfgnmﬂ kulotricacs
weee found in normal people. 1n 2 test of 4 km of cyding with

a 2% hull during ~7 min, an Increase of leukotrine
B4 In BALF of athlctes was found In comparkon to the
conteol [67]. Also 1n EBC, Zicthowski ot ol [95)
found no in high senstive C-raactive protein after

9 mimges of cyck-ergomatry & 85% of HRey, In hoalthy
abjocts.

The pH In EBC (EBCie) Is a potential marker of
wypmlmmmmmbuaudumm
ve this condition. In acute excecise, the results have becan
thus, Marck ¢t al. [73] dM not find diffcccaces
an exercke until (~13min) In EBCyy; of ama-
athlctes. Bkov ot al. [55] did not cbseeve changes In
EBCoy of baalthy subjects after axcrdise, whik there are
other reports that showincreases in pH after cutdoor exerdise
[123] and after bow-intcasity (60% HR gy, ) @xcrdse (~20 min)
in nonathlcte haalthy subjects [£4]. In races up to 10km, o
changes have besa 1 up to S0 min after the race, In
both imateur runnees [52] and physcally active runnees [S3].
However, there are lnverse comdatioas between changes In
prooxiants ndchu'toftlm [53]. In distances that
cxceed 21 and 42km, ~101 min and ~245 min, respactively,
i aate decreasing trend of :ﬁ: was observed [52].
However, in an animal stody in borses, the group
of Cathcart ot al. 108] fund an increase In EBC,y, after
running L6 km.

In summary, the majorky of publishad 5 demon-
nmhnﬂncmdnhnchds(::;aphmor
gramlocytes) after acte exerchse in humans. A factoe that
probably influcaces this & the duratica of the exerche, as
the Increase in PMNs was found in cols tomol
Jonger pertods (sce Talle m)).a;:z'hgvt:ta was im
to be due to cold or chlorine. The role of excecise
1s dificult to assess, ghea that the studies were
ilmost xdusivdy in trained sublkcts. We must add to this
the repocted insclubl matory med iors. Asa
whok, theseccald bean sionof i asymplomatic acute
similar to that observed incother tissues
(muede tisue). This would happen in 2 sclf-imiting
m:mmﬂymdmmﬁ
fators, and Intensity are encountered.

EE’i;

B
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7. Chronic Exercise-Induced
Lung Inflammatien

Studies n antmals have shown that training during 120mind
foe a waek on traadmull at 25 m/min Increases the expression
of mRNA to tumce nacrosts factor-alpha (TNF-a) together
wih peomoting a decraase of Interferon in pul-
monary tissue samples [127]. Chhullnx [r20] lll':ld
mice at moderats inteastty for & weeks (S d'weck), showing
leukocyte infiltration in the atrway At this level of spithelia,
an Increase of apoptosts and a decrease of the allated
cdls were ako observed. In mice that trained 0 mind to
500V, $or 24 wacks (5 dwaek), no variation was cbsceved
mlhmnhtdmavphphmrbnnnpduc
to se¢ a decrease of the capacity of these cdls to form free
radicaks [126]. mmnumﬂcumchbm

of tralning programs at moderak intensty (66% VO;max)
wmamdhwwcmﬂh
compltion of ischemiz and pul %a, which

was evidencad as a dacraase of the rekease of interkukin |8
and tumor nacroats factor- (r\')‘c)apl-nm:lcul
mnnuddpcﬁmdhn:%ﬂ An anakogous result
described by Toledo ot al. [126], wbdldulhda(mm-
in TNF-g, interleukin 10, monocyte chematactic protetn, and
interdeukin L 12, quantifiad in lung sections
of mice, after training to S0% V. for 1hday, 5 days per
wodk, for 24 wedks,

1n studies coaductad in bumans, it has been repoctad that
the partic nina distance race train
onthmohy::'mma ulns:nnl
toey process with no dlnlalnpmnndn
Increase ln PMNs and in [1-8 concentrations, leukotricae
mmnmwdnwm
[130]). Subjects who in high pecformance
tnﬂqununudlhmﬂalom mq:nudwb
rests had bower th-m:lcwwhlhh
mm]m [u]?lhnumm.ﬁnlhu !
reported In runners by Greemwald ot . (28] hthlunu
dirzctica, in amateur runners (~50 kmywodk) low kevels of
PH were compared to vaks of control
mbpm(s: m.hprbwpodmnm oo

differcaces in basal inflammatory parameters when com-
pared with nca-pocl-based athlates: however, the anakysis

of the of athictes that had a poskive result in the
Wmudlmu(marmbm

h?: indicator) prescated a

of @NO and a higher count of ¢o qu:uhihl
cdls when to the group that had n resuks
on this tast [102]; among cther factoes, this be related

wthnubadmndwmﬂzodmm:mw
differcaces ln ¢NO, In EBC pH,
uaﬂmmwvhmqmdww
mbpculm] Elfe swimmers, who trainad between £00 and
Beokmycar had moee and PMX 1n induced
sputum compared to nonathlete control subjects [99]. The
mmdhmhjmdlmnm
cosinophds and hmphocytes I induced sputum comparad
to active swimmers l~u\)knmu) [100]. The comparison
between healthy athlctes who are swimmers and others

g

who are engaged In land oxrdse has shown n Increased
number of PMNs in induced sputum samples [96]; the same
mpumb-ﬁud&rculnm‘xm“w
uhbcd“rmn [102). Chrealc inflammation cin be

pulmonary cptthelial damags; thus, Increases

of dear call protetn (OC16) of swimmers who
nuuwu.zom:::n&::upodhnhu
reportad [122].

Inskiers, who trained 435h)yvac incraaseoflympbocytes
ind mast cells has becn found, wih no diffecences In

the concentratica of TNF-¢ and wd&uhuu‘
comparad to nonathlets coatrol
aal. o] npond.wmn beon:hlblopnl.

umuumﬁ ophills, macropbages, and
hymphocytes in clite (ush'yw') comparad to bd&r
control subjects,
5 an Increase in
the submucosa, a hyp of radet cells, and a higher
axpressica of type 5 mocin. The we of wati-inflam matories
(300 micrograms'day of bodesonide) by cross-country dite
lhm(urh')vu)!tnqzowubdzwmd&r
cnces regarding the placcbo (~468 hyear) in the cellularky
(PMNs, Flbwphoc ruqugudmn
cells), studsed In BALF and in endobeonchial Hopsy
nn-mmmawumm
Incraases of sokble ln flammatory med ators, which indude
TNF-a. Human stodies have focused on subjects who have
greater comtact with lerttants in the atrway due to the
specifiaty of their sport, whether runners (large ventilatica
volumes), skiers (cold), or swimmers (chlocine gas in the
pocl room). In thase subjects, permanent tisaue infiltratica
of gramdocytes, macrophages, and hymphocytes has beca
observed. Evidince of these changes has been found 1n
both ncalnvastve samples, such as induced sputum, and
in biopsies In the beonchial reaglon. At the same time, i
Increased puua:oof sokble peotnflammatory subgances
has been reported Overall, this suggests that these athletes
in particdar may suffer from changes In tsaue
(chronic hﬁnnmnndmrmdduﬂlhhn

beca assochted with -{mmmm
dun.-(unbnhmdmn

8. Oxidative Damage and Inflammation,
Relations, and Potential Effects

The generation of prooxidant substances and the estab-
Molmm"mmdudfum
with 1o flammatory peocesses; thus, inflammatocy cdls are 2
known source of dmdboubolhamud
altrogen [L33]. At the same time, the Inarease of procxddants
has beca tovohed in the intracelhdar which leads
to Inflam matory cell activation, increased secretion of soks-
bk mediatoes of inflammation [134], endothelial activation,
and ako wcn-uda&mamokuluwd

cadothelial permaability [135]. This relation tmplies that, in
many stuations, the increase of peooxidants particpates ln
m;’aunbndulmuuudmmudmomm
Ing the chse relattonship betwaen both phencmena (D 4].
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The establ shment of both oxidative damage and tnflamma-

?rv:ﬁ:uh :;o'b:alhtzq for uI:ﬂ‘:.‘b:: phenomena

are a fundameatal part of adult r M-[Uét
athma [L7], chroni: obetructive dioase (138

monary bypertznsion , and vird infctious pro-
ng.nmw;&”&:mmm&%
changes and inflammation has rardy been studied as a
main goal, bat & & peasumed that, In view of the todies
coaducted In other ocgans, & must be closely related. This
is particulardy important in subjcts practidng sport, a

infammation

both damage and cddative d have been
implicated in the pathogenests of high peeva-
lence 1n athletes soch as rhinkks, bronchial bypecraacthity,

asthma, and atrway remodd ing [ 27, 141); so, most resplratoey
symptoms [ whe , brosthlessness, and chast
tightness) in uﬂ:':s.nduaulmrym
are known [142]. In addtica, cross-country skiers show a
peasence of PMNs and lymphocytes infiltration ta the srways
101]. This phenomenon cn dso be extrapolated to other
Lulnna athletes (3] such as marathon runners, cydists,
and swimmers, the latter of which are also aposed to the
chlorin in swimming pooks, which cculd be one of the main
factors Indudng Increased sostnophils and leukocytes tn the
sputum.

9. Mctheds for the Study of Lung
Inflammation/Oxidative Damage
by Exercise

The st dhmaw%mh

u:hmwumd»wbo&w wllnmh.'
and the limitaticas of led Curreat
eidnce on this wmmwwmmm of
lung diseases, while stodies ca the efect of axercise s a
trigger affoct of this phenomenca in bealthy people are scarce.
Summarizing what s known to date for the species analyzed,
the determinatioas made and the samples are
mumnuz.ﬂmmmmub-
challenged dewelopers of study methodologies, so, although
systemic markers have been (18, surfactant
proteins A and B, and Xrebs voa den Lungen-6), they do not
yet have sufficicnt capacity to Indicate mince which
implies that the processes of the lung itself cannot dways be
ascertalned. For thi reasca, & Is peeferable to test samples
originated from the hung; those currcady under study are
exhaled breath (whether direct or coadensata), fudds (RALE
induced sputum, and nasal lavagel and cells and pocticas of
whole tissue 163, tsmue and cut phces of
tissue). l.'nfoﬁtwmdy. bdnymm comy’m
regarding the ink n of the results cbtained with
these methods. Inr to oxidative inflammatory exerche
phenomenon, in animals, exhaled broath [112], hung tisse
homogenates L1, 114, 117, 114, 120, 121, 127], broachoa veolar
lavage (121, 126], and lung tisue secticas [126] have been
used. In humans, most mathods are focused on nonlmvasive
methods and, among these, the Indoced sputum & the most
wildly used [40, 56, &7, 62, 6, 73, 31, 93, 96, 99, 10, 02

COoddative Medicin: and Cellular Longevky

144]. Another sample stodsod corresponds to exhaled beeath,
which was analysed whather directly [S6, 57, 59, 65,71 75,
£, 89, 97, 102] or afier belng condensed at low temperature
[46, 53, 65, 72-74, 77, 1, £, &3, 84, 128, 1M)]. fow
godies have used breachoalveclar koage 22, 103, and
Jung tisao: obtatnad by cadobronchial biopsy [101, 104).

10. Discuassion

In summary, we found that In 2ate exerdise (se¢ Tables )a)
and 2(a)) there s moes evidence of. in (pre-
dominantly gramdocytes) when it (was tnpww
Inteastty exerche. This change was not 5o evident in animals;
however this shoud be resclved 1n further studies because
1t & 2 parameter measured recently in this 0. Long-
teem of st moderats exerchse (> 60 min) in stiro.
lated an Increase of inflammatory mediatoes (IL-
£, LTB,, and LTE ). Now, reganding prooxidants, a systematic
Increaseln humans ks observed afier more than thirty minutes
of excecise. It 1s notewoethy that, in acute exerdise in animalks,
reports of an Increase In peroxidation are the
mwﬂhabndb':?og:nduhmmq
for \ntense exerchke at altitodes. This may be
wwhuh#.?;ud:whhmmm
analy2ed in animals, EBC samples were analyzed o bumans:
in ancther aspect, the change with greater support in relatica
to the cazymatic activRy co nds to the malatcnance or
decreased hvds of GSH-Px and to the increass in SO
wath regard to chronic exercise (t and s affects
(se2 Tables 1(b) and 2(b)), the oamber of studies &s stil very
small bat there s a tendency cbserved, seca in humans,
towards changes 1o cllularity compatible with chronlc
inflammation of the atrways,
to cold and chlorine hlﬂnﬂﬁhpﬂhmaﬂ)
M{Mxmuﬂmlnnchmudyoumlf
[120). Foe sokble inflammatory madiators, in animals the sci-
catific evidence has shown an Increase In the concentratica
of thase substances (1L4, [15, ind mRNA TNF-a) subsequent
to chroalc exercise. The oxidatie damage was observed
in animaks following moderate chronic exerchse (>4 sem),
specifically in clder rats, and cold or altkods cavironmert. In
humans, only one study showed cxddative damage by altttude
tr 45, ). Weh to atic antloxidants,
et s S o o
obserwed In humans. As for nonenzymatic antloxidants,
only one study showed a deaease In the conceatration of
GSH In tralned rats [19).

The peoblem raquires further study to darify numerous
quastions n ceder to have a more definttive overview; thus,
several challenges for researchers In the field hawe arken
Likewise, the acthtty of the scurces of production of frae
radicals in the lung (miodhoadria, xanthine axidase, NADH
axidase, and NOS) should be studied and the knowladze
of the status of antioxidant systems, particdardy in bumans,
wheee there are o records availabk, shoudd be improved
Reganding inflammatory paramctars, the study of sokable
mediatoes of hhnnm:zhmld be md&. in 234
tion, the effect of both substances with antioxidant and
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antidn fammatory effect shodd be axplored. Rurthermoce, it
1s necassaxy to generate rasearch projects which exploes the
panmatars d oulnlnllnlmnzoty machansms simulta-
necasly in ceder to establish the interrehition machanisms

18]

] DA McCarthy and M. M Dale, “The levcocytons of exercise.
A review wnd mo del.” Sparts Madiane,val & e €, pp. J33- 243,
1968,

) C. C—;lh—tub‘mathlﬂlﬁd

between both processes. It & also necessary to ch nu
the affect of time and Intensty of perfoemed exerchse,

rohdnvmmdamumhhﬂdm.
of the subjkcts ca axidathe damage'lung inflammation by
exerchse. Finally to afvance the resolition of this problem,
It &5 urgeat to impeove the technical ccaditicas to allow
obtalning represcatative samples of lung cavkonment in ks
difercat compartments, and it Is also necessary foc thase
ubdsbbanmmm and ccatribute to meoaltoeing the
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Abstract k & a2 wellestablished fact $hat exerase
mcraases pro-oxidants and fivors oxidative stress;
however, $his phanomenon has been poorly staded
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EBC. In conclosion, highintensity exexise mcmanes
hng onginged pro-oxvidants i non-athlete subjecss
with noevidence of aady ipid peroxadation and changes
in e pH valoe in BBC.

Keywords Exhalod breath condens e - Runners - Lung
oxidative stress - Lung infammation

Introduction

It s a well documented fict Shat exarcise fivos e
mcmase of prooudmts and S | some sEaBons
prodoces onidaive stess (21, 30). A mduced grogp of
stadies on animalks have been Haused on e mpact of
exexise on pulmonary redox equilibriom stge, reposting
evidence of orod sive steas [4, 36].

Exexise mcmases hung vent ko nand fivos higher
contxt with cold ar, ar pollotantx, and chlorme in
swimming pools [22 43} at the same time, 2 favors
mmune systiem actvason [28]. The afommensoned
may be prtculady mpomant i subjects who have
regimes of kong taming hours. Consequent by, previous
staches m human s have demonstrged mflanmasion and
redox st changes i the hmgs of athless soch as
swimmess [14], sioes [41], and ranners [3, 11].

& Sprieger
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The saady of redox suge changes i ®e hungs rsakng
foom exexme 5 dfficuk bocause savpleg mvawes
some reks 0 Se partcpanss, o S ransn, e we of
exhaled ranh condensace (FBC ), evensively sadiod =
lng domses and which has been pooposed for the
eva haason of vamous tese peocesees (Ondeve dimage,
cancer, mmaode g, and sflevencn) boged B B
ogan [15,20], cm be a we £l 00l 1 the cham cter ueon
of tus phenoanenon = ahlees. Useg EBC savples, o
changes = S concenziens of HO; (HO ) wae
found Sxeg evercme [12), bt changes = Seir flow
[25) were fund k has ako been repocted the tew
w an mcmnse 1 (HyOs ac oo chimbars exposad ©
aknades of 6125 m[ 1) and = buchless who tmumed far
6 wecksatanaknadeof 2800 m (17) In bodh peosocols,
an maaise and a wond © ®e mcmase of hpad parax-
danon meavred & makedalkicyde (MDA) and
L moprosume, respectively, was shown. Recendy, o
reseach growp comparad amatour oag dsmanoe naeers
who vamed S0 kma week = 10, 211, and 42 24m
raes, mpomeg maass B [HiOxksc and NO;©
comcmzann B FBC (NO; Jmc) for ®e 211 md
42 240m races winh no modiioons B e partc pans
of e 104m race 1o te e evadared dutpces, 2o
inceae B lped parondooe, mawared s the MDA
comomarnn B FBC (MDA kac) was shown (1) b
this paper, we eviend ®e dowmpaan of mdox suge
changes whach cocur 1n FBC fiom partcpans of beg
dumnce moes W physclly active but sonatibe sb
Jom We hypodesped dat inthis gramp, a 10k race
could gonarige an mcmase B pooondes and v
lang lpod prodinos sece Sey ae not chooacally
expaed w0 ®e pdmaary effas (rrmanon, dynes,
infamene e, cell davage) of de duunce nases’
tmneng regene. A secand dbjective was 0 adviece =
the chamcseranon of EBC markes asorg mid e
locally or fiom e systomx envecament, o ths
parpose, we compared Be concenmanas of NO,™ and
MDA = bt EBC and plasma

Material and methods

Subjecs

Ten non smdkng ssadonss of Physcal Fducaon (see
Table 1) with 5o hassocy of hgh or Jow respamsory sact

aflvencos dung ®e moeh previous © he sady
weare made sobjoos of dus saady They also ad mo

L sprivger

Tdke | Genensd desrpon of

e d

Vauer

Mn'Wmen i
Age (yeum) 209021 60
Weghe (kg 264263
Heght(cm) 12453
VO, e (mi kg™  min ™) 037260
T ofrae (mn) NES2463

Vadues sre shoan s man = SD

vy of chaoaic mespraory dnarees (astma o allegx
thnes) and & nax conmame marmonal applomenss,
wmoondans, or oo efleecory medcanens. They
pactoed 9 2213 Mwesk of modemoe 1 BEme cwse
The dsmbenon of wtal exacse e, exposssad 1 hows
per week, & peesoned i marcesunded dvason, and
e peroonmge of Se wmal sanple pafamed o s activ-
£y & shown B parndheses: mmaig 25205 (30 %)
swamenng 12514 (0 %) fodall 1517 (30 %)
maunsn bl 15263 Q20 %) wmak 09221 Q0 %)
handdall 0.62 1420 %) volleyball 0.5207(2 %), and
badedall 0207 Q0 %) Pamcpans wae mbened
omlly and i wineg, befoce sgnng a sfoenad consent.
This mady wis gpgrovwed by ®e Edwcs Reseach Comn-
mumee of Se Univemadad de Jos Andes.

Prosocol

After beng evadaed & o, Sey wentdrasgha 10.mm
wam up befooe ruming 10km & mavmem offot & o
open 130 mmosrack. On aach complete tum, e crdix
foguency win deammmed (Palar, model T31) & coder 0
qutify e insmsity of e exacse All subjcs
pofamed de st sulmoously EBC sampls were
tlken using Se poevously descrbed dwce (1 2). Sub-
o0 wae & e, warng anasal chp, and havieg previ-
ounly wahod ter mouhs with dsuliad watx Savgleg
e wan betwomn apgrovenely 1090 15 mn o wal
15 ml of FBC was obaumod Alsa venaus bood was
Gapan, beparmzod, and ten conrifaged at 1000 rpen o
oltam plava Once savples wem obaumod, ey were
saxed i hyud nmogen and koo at - %0 °C umil ey
were analyzed EBC or plama samples were aiken
befooe (poe) exacme, 20 mm aber exac e compeom
Q0past), and %0 mum after exercise conpleton (30 post).
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Makeduldehyd = EBC ad plaama

MDA concentnton wis manared ax w Larsad
etal (23} EBCat300 ul or 50 ul of plasma was moved
widh 100Ul of 25 M obarbarx acd. The mocaue
win moshaced for 1h e 95 °C. Afur codling, fet o xe
for § s and Sen oo 40 M & wom temparce, Se
mnccnae s ssbenmoad for hagh- pedfarmance hyusd deo
maxgraphy (Shemada LCIOAD, Corporason ) wherea
Cl8caamn 150.mm beg ad 4 6.0 LD (Supe kool
LC- I Spekoo)wn wed The mobile phase( | sl o)
Wi a 2080 (vh) mocare of accwamile B 20 mM
pomassiam phosphace bafler (pH 6.5). Mansusom oo
weare pafosmed with a Daocecence detocnor (RF-451,
Shevadu) ex mooe and cowsnn waveleng®s, beng
ar$32 and 453 men, mpectvely Makadakehyde bis
(ietay] acewal) fom Merck was applhiod as sandid.

Hydwogen perowide m EBC

It was mensred usng FOX2 1) mageer This rengent
comins Fe'¥ 290 uM) which i an acidic medim
(HCI0, 110 mM), and s oodoed © Fe*? by e possence
of HO, The amaunt of HyO, & mannomd Soough Se
roxton betweon e fem wm and de xylmol aag
oo (290 uM) Socbadl (100 mM) was added ©
®e cngeal rengent acooedng W Gay and Gebadk (19,
s method has boon peewously wed by our resawrch
gramp [1-3) Fa maszemens, 350 Wl of FBC ad
150 ul of modibod FOX2 wae uiken, then the savpk
win moshaed for 1 b at wam somperiose, and abaoe-
bance was road & S60 mm Jonway 6406) Theee caliben-
o0 oaves were pafamed o exh grap's measae
meos wwng H,0, (Mack) as ssndard

pH = EBC

lowas menared using ®e provcolof PagetBrown etal
[33) EBC x 100 ul was bubbiod with amgon for § mn
ata fow mee of 350 ml /. and pH was koer moneared
wng a 3% men (Duecter Leagh) mxmelecrod
(Cole and Padmer) canmectad © a pH mater (Oakwa®
Acoen pH6)

Nmoss o EBC and plaava
Nmse conconons was masaed

ey
tamew et hased an ®e Gnes macta [16). Goess
reagent at 300 ul (0.1 % sapihylethylenedumine -

dibydmchionde, 1 % sulpbandamade, 3% H PO, ) ws
added w0 300 ulof EBC or plasma deprose moped wih
NaOH/ZaS0 . The mixsse wan mcdaned for 10 mm,
od deohance win maasaed & S50 nen. Theee cls-
bason curves ware parfemed B axch group's men-
s monts usng sodam niwne (Mexck) as sanded.

Sutsacs

Uking ®e Shapao - Wik normaley e, £ was obsarved
fat the samples &l ot come fiom a Gaussun duabe-
om, darefae, oo panmes s were ppbed The
Foedman test was used oo repaced samples, and Duana's
et wan wsod s o fadher test for all e monwaned param-
cem Cormlinoes were doammed by ®e Sponmnan
comrekioon ceffiome The sgaficmce level wed wn
of pr 008 Far satsecal analyss, GumphPad Proe, USA
softwae was wsod.

Results

Frex e mocosny estmand i ®e parcentge of car-
i maare win € 912247 % The race tme wn

S064 o Bodh varables ax expresad i man and
suendid deviowa An moeae B HyO kac(Fg 1) &
compaed with te poovadue at $0.poat (<0.05) was
soon. (NO; e showed a zead © sign fcance, = had

- . .
™ .
0 . .
_! 204 .
~ A4 .
q‘ 144
.
L ool Aeae  viEw VOT
.- .
101 eqe® * “::_
.
ﬁ 20 K .
a ™ .
5
-

- T T
Pig 1 (MO, mdpH  n peecpes of & 104m mce
The Jow represenes the modsn vadae *pa0 05 » Efloront from
the pro-miae

L dpricger
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a vadue of prO.0MS 1 the Friodoes o, wih no differ-
ences betwomn grawps | e postersar et No changes
in nmnes © EBC and plaeva (INOy)p) ater the race
(p0.97) ware sem. The relamon (NO; Lo AINOY),
showed maases (Fig 2) oo e prevalie o e
0. post(p<0.06) No difflesnces i (MDA fsc (0.60),
B e wabes of mabeduldcnyde » FBC wd plasa
(IMDA)p; p=0.83), or in the relxion between
[MDA Lo IMDA), (0.60) as sown i Fig. 3 wee
obeered The pH & EBC (pHgac, pr039) showed no
postoace dffrences (Fig. 1)

Cormlanns woe made betwoen abacbase walies and
Ser dbeohae changes (k) A frst goup of abeokze
delun was obamod fam ®e dfience betwom e
absokate vadues of e 20p0R- SUGES MIEIS PO SREE.
The socond o of dekus wian chawmed fom he differ-
ences betwoon e abaolate vidues of the $0 pot- suges
s 20 postanges, 1 e pedfamed dela cormlatnans,
bodh sets of daa were cansadared wgether

T ol .

™ .

feld T
T Seeee ON
. Lad

. .

T 24

|- .

l§.. . o
e

PR =

)
S S S S )

[NO;ns INC;T

MDA ko j1veu i
s

&

-4
(MDA Jene yoset 1
-
-
-
-
-

|

-
-

:

o
-o“- oM- D
n Do_

Ne.3 (MDA, (MDA Lo d (MDA L AOA), i -
e o s 104on moe. The Jow reprosenss e modan vadue

MDA, (MDA] -
3

L

Regadeng nmne, 00 sgaificant comelitons betwom
abackae akes of (NOy)p vess (NOy )smc (021,
A30 pr0.26) and far abeckane changes betwom e
same visabies (70 I8 4720 pr0.44) were observed A
sendar sewsk wans fasnd far [MDA), vers (MDA Lo
for abeodae vadoes (- 022, 430, pm0 24) and betw o
dedkune changes (7~0.16 4720 prQ49) Both te -
o between abeodae values of [HO;)sme vemus
NO: )ssc (7069, 4730, p<0.0001) and adeokate
changes (073, 4720, p<0.0002) showed a signdiet
asocueon s shown 0 Fig 4. No sgficatcamlings
betweon abecdate vakes of HxOx ks and [NO; fac
with pHgpe weare and Camlings betweon abuobae
changes of (HyOz)smc and pHgse showed a send
sigabaance (=-045 a=1%, pr0.06) while abeoduse
changes between (NO, ) g vams pH o wae sigaifi-
amt =061, 418, prQ007;see Fig. 5) No signficme
comreliooes betwoen ®e moe e and manary (-
saed o e pexcontag of aaxdac waave) wih he
soded vieabls B EBC ad plaeva & 2-post and
S0 post weme found
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059
30
00001

AINO;%enc yma 1!

Pig. 4 Reheondrp botwoon [NO;  han: vommu [H;0) hou (0p )
-44(»2,;1. vermas AH; 05 hon: (homom) n pertopns of
» 0dm

Disc wadon

Exarcise mcmases hng vesslaton and ®e spead wih
which ®e suwoundeg ar maches our hmgs Hgh-
imensny and prokeged exacnng, typxal of endus
ance moes, mflane ®earways (6, 42) and mcwane =
prooxsdans (1] & = has bem previously dewnbod
One of e factos ®at hawe an mflsence oo oxdenve
stess poodiuced by exarcise s the fimess dogree of the
pamicpants, Brooks etal [7) showed higher NO and

e Pemeian because of acuse evercse
insedonmary rie’ porfused’ mfused mu be vemus mus-
cles of tmmad ma b pasenss with ¢ hooaic oberuct v
pelmosary demse, Sere was less oxdative sess -
duced by acute exarcse after Sl partpatoe B a
physcal aming program [34). b fs smse £ 8
possble ta subjocss, such as hose fom he present
stady, physically active but mot subjecsed w0 high
endzmoe ahleus’ mgme (oag sesuas of pokaged
acrchic exexime) aw Mo poee H BUoNe B o
ondeve bevanon sece te mimsry of e parbemed
exax me raxhod 90 % of ®e candix wsarve (soe e

r=045
=18
p~0.06

7 -

ApHeac

-10
AH0; Jesc yvol -1

r=-061
n=18
p=0007

ANO;Jesc yma -1

Pig § Fcstomhip bowomn AH;Ozben: vertis NpH) -
(op) sl SINO; Jw e vemnas Ap H) yuu- (hotom | i puetcpns
of & 10-kem race

“Resued” secoin). b dhis soady, the mam resek & e
wxane B (HOkac and (NO;y™ hao{NOy s, boty
panmeters show a seadeacy at 20 mn S becomnes
s faantat $0mm postmce A the same tme, depae
e mamse of hewe species, dere 15 5o lpad parox-
e maase, as £ hasbeon poeviously descbed
®e hangs of mamals [19), nor pHgse decmane as @
mdcaor of teese mflevencon, as £ has been de-
sarded | patologes such as avhena, beoachiecuns,
and adek repmocy duess [20)
Regwdeg [H0 ) mauls, dew ae fow sdar
expanences B S lnomtre © e ooe peemed hew,
epecal ¥ o of ®e momaed ewnne tme (Over
30 mim) of our poosccdl, which makes £ dfficuk o
Nowak et al [12), Marek e al [29), and
Mackenetal [26) conductod asbenacmnal and macenal

Q sprizger
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ewxcses fndng 0o dffarences ® (HyOxfsc, b dey
wsed a prosacal with ooty 6 and 15 mm exerciing tmes,
respoctvely. Daga possente d here i e compam ble %0 o
Previaus repost on amatour beg dennce rumars 1) b
e spoet, 8o changes | 10k mnses wae observed
and ddeokse changes wae mor B G dsunce B
camparsn w0 211 and 42 24m mces. b s repot,
we found ®at » a growp of moo-runea sebjeas,
[H0 Jgp does mcommse aber e moe, as manared oo
Se same Swes a6 of e afocomemoned wark. The fact
e wamed sabjocs So notshow any BCmase BB pro
odant i s dsueoe may be partly explanad by te
mducton of ans-ondet defones [17) and by a lower
fleneocy reposde & a ressk of dhoax: exec e
[47). This fndng shall be koor recvadaned o salyecs
wih dffesont Jewe ks of Taming drectly compared under
e mme condmars.

Dusing physacal exercise, i e hungs, nm ook s
mvohed o bodh dilmeon of arwiys 1 Barawe mol-
lzed arflow wd visodasoos = coder 9 avosd exoss-
sive mcrawe B pulmanary atery possae (45 b de
pathalogical context, nari oxade paticpaes B kg
redox mbakece S cocured = mflanaa sy peoc eees
[44). Nemc aade has a shoet half e, Sherefooe, = many
expenmentl models, moce suble metbolos such &
nerne and nance arx doarmmed [46) N oode and
s lased compounds have a complex metabolism,
Sus, £ 5 o yet flly cdefed This happens, amang
ofher aspecs, becae of s muitple cages £ can be
foemod froe typcal hang ce lis (e el cells, endode bl
cells, snoodh mascle cells) as well s Jodkoc yes and
enyracyes ()

Regaxdng ®e effect of a beg dsunce race on
[NO; b % our knowladge, &n parameter has boon
prevously mpored caly by our meach goup ad 8o
changes B (NO; Jamc afer a 104om moe wem obsarved,
whik changes = 21 1 and 42 24om moes were obeerved
(11} Unbiee tus poevions wodk, we ourendly mpoct a
tend 1o maamed (NO; Lo @d an noane o Se
reloon betwemn (NO; hao{NOS b which maas
Boane B Gs proondes B Se hngs by evarcse n
wabjocts who e not acuomed © B physcal effat
wnlie weal oces b Se partoshs case of be tve =
which e morame of Serchooadip, (NO, Lo AND),
(%0 postamge) & paemally obearved, £ cm ek fiom
nar oxde mcmases B oooured dutng ewsng,
smoe NO;™ may remanm wihout beimg compleely
dobugaprd B Be mome of e g endotelal nrc
o synduscactviy @ seon b anenal models mdlor

L sgrizger

Se mcmased acovey of Bus emyme as derbod B
o Joukoc yes aber exac ke (24, 29)

Conmary to the fow meassrement repors of
NO; )gme nume bas been previously masued o
plaeva dung exarcse. In s regard, some wpas
bave obeared Bcmans ® plsma levels of nrme+
e combmanon ater 10 mm of exexc e at 75% of
macenaloxygen consumpaon [10) bowever thisfmd.
g 5 not sysseonaex: for acute exercse. Bloomer ot al.
[5) ound no mune moass o plssa after 30 mm of
seadoull exexcme In bodh athilees and sedentary peo-
ple, Poveda e al [35) fend no changes 10 [NO: )
after maceem exexcse oo a teadedll In our ssady,
NO;T), dtemnma oo win dooe 0 evalace if te
evensadl (INOy™ hac mcmase could be explunad by
smukareous maass B plava (somethng Sat wis
not cheerved) This lack of NO;™ mcmase & plssa
wd de lack of comclamon betweoen mdnidual values
w0 [NO, Jguc a0 [NO, ], dbeohte changes imdicae
S £ w5 Mkely ®at de momase of EBC, becmse of
exemise i Sene spocies, may be a kcalzed phenom.-
on. Ths sdea s ako by ®e maase B
[NO; )50/ INOST), rddenn and by ®e fact Sar
NO, ac camlanes with moder exhaled ar maker
sach as [HiOzksc (see Fig 4). The fndeng of s
suosncally signd foant asocaton 15 coesstent Wik
our poevious repoct on bag dsmance runces (1) We
bebeve ®at our collecied dama, as a whole, soagly
sappars e sdon Bat manse pracaged exarcse i s
populanon under ®e dowrbed caditoes - akes
®e rodox sate of Se pul mosary MATCIVEGMCSt

The mcmase of ®e downbed poo-oxsdans wa
not concomimnt wih (MDAL . incemes (hpad
porovdnoaiondeve damage indaoor) ad pHo -
dorawes (mdcane of trwe mfasmance) S weae
expeciad woocur Regordng pH Riedier and Danuser
[39) repomed a pHzac mcrame memoducely and waal
SOmm postewex e (30 mm of G walkng x 60 % of
el carda fregeency )

A loer repoet by Marsk et al & ot repoct any
changes 1 pHse S was momeaed menoduce ' aber
pafoenng a macmal exarcse 1 exbawnon o cyching
(e wnot posed) [25) Fadmandsetal [ 1) repomad
®e abaonce of pH - changes afier acute exax se, how -
ever, Shey faund ower pHpac valoss B mgule noses.
I a recent mpoet on mochores, Cahort o al found
waeaed pHesc 2 © 30 mn aforruming 1 6kmata
mademoe % high mmeasty [9). The seadenc y %0 mamaun
pHesc values after exercise, berem repocted or
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akalmoucon repariad by ofher grasps, has 5o explina.
toa yer, however, same authons have suggessod the
hypodiess e B phanomencn & e © S Bcoae
0 avenonsem s woon (dafler) of Se arway cprtclam
B mponse © evarcse V) b @e patologaal consext,
sabyec o w o cheanac ally mflaened arw ays, bce avhone-
X panenss, ha e bower anmonsam levels [19) Seadlely,
Micidebarough et al [27) & nax fnd any changes o e
PHpc 10 adhonee sabjecss afier hyperesslons at
£5 % of macenal volamary vensiloos o 6 mn. Theee
panenss doramed der levels of arvay mfleecos
ater mgeatng a peeparicon nch b ame g Sooe fazy acds
for Iwosks Sa a darame of exhalod nar onde and
mcrawe 1 ®e baal ke of pH, o wan evidenced, and
B omanst 0 S peevoudy dhearved B Se frt hyper
venslkiowe e, @ akaloagwion of pHege afier Se
saxd et win evadonced, which cam be moeqpectad s a
bemar wes poase 10 acdoss of Be arway [27)

15 amodher aspact, our previoss it obaumad oo am-
A menrs showed Se same tead © ®e Boase
(pooved hesem) of pH vadue = e 104om nnsas’ grasp,
while thae 5avend wadearae o te goges of 211
and 42 24m races (1) The dffarence = ®e pH
reponse batween 10-km races and bege dstances
may be relged © ®e goaer menny of ®e wflanema.
Wey responde aganst e mcraned stshs (dsuece of
®e moe) and the e pecesmry 0 evblsh an nfln.
MANTY process i the timoe, s, e tme | a 104&m
race mabast 1 b while a marahon of amaours aikes
abaxdh b dw egad, 2willbe a grae coazboson, B
Se funze, wexead e Hllow up tme of dus panmctes
ater ®e moe and © mchade specifc markes of mflen-
manon suxch & cywkmes Futamoe, de dffacnt
acds and bases famnd B ®e EBC samples should be
moce spocfcally analysod.

Albaugh See wn no docome B pHac of mvere
comelanons between ®e abuolute values of ®e poo-
onadanss as we und | our mpont [3) B s wodk, we
found meme amocanms betwom ®e dbaokze changes
of proosdams (sead © HO; and sgndicance for
NOy) stadiod o EBC and Sheabuobae changes of pHgsc
(soe Fig. 5) which suppoess e hypodhess Sat peo
oxadant changes ae meload © mflevene o & S level

Regwrdng (MDA o previoss ks dowed no
differences at Jow heights (670 m) after high-mamsny
cychoagomer i exemcse [ 1) Smlar masks were faund
®a 120.W ¢y oagomeni ¢ poosocol (12, bod fadegs
aw ogurvalont 0 o reportad hare but with peosocols
dusmile 0 axs Fadee © fod an expecad relooa

betweon e Barane B roondens od fe nocae B
Ipd paoodcnn may wke plae bocawe changes =
B parancter oOcur & a later tene as compaed % our
mowsng Senark ot al (4 famd MDA mcoses o
pluma 12 b after 10 min of exienuming exarcse,
Faooumos et al [12) found de highest (MDA x 245
afera sacoer manch. Another poasibiley & e B poo-
ondate mcrane may be pax of a ghysologeal peocess
0 e daxbed goups ad condoons and B 00t ao-
cand © teese damage B A ogan b A wodk,
MDAp = ako dammod (see Fig 3) o order
advaece B ®e cuodioon of Se aalood or sytem
ongm of s marler w FBC b & mspece, sl o
S choarved i (MDA - we dadnot find any changes
o nerber (MDA D o changes o $he e lioon betwom
MDAk 0/ MDA b (see Fig. ), 50 the maspeetcna of
o fedegs becomes difficul However, e lack of
coerekonon betwoen abaokuse ks as well as betwom
Ser absolue changes support te hypothesis
MDA ksc & nax relased 9 (MDA, Suis was also
eared B a reviass wak B whoh cyches perenad
a macenl ewccse & 2,160 m of akngde, showeg B
ceanes i (MDA Lo with no changes i MDA mosand
B sran b e afoomemonsd wodk, 5o s gadfont
ocome kitxns betweon Se sad pamencters were found (1)
I canchasmn, wlice ®e porvious ks chamed
avatesr pammers, B physcally actve sdjecss, S0 mm of
high-mocesny race (10 km) produces @ incease =
axygen-and neogen darsed ro ondevespoces. Pobd.
ably, ks oouhd be relicad 9 4 WG MONCHDN repanse
mpardng ®e beneoa of pooodes's ey fx-
sars which e conmnon B subeos lews adipood 0 hgh-
mocosny and probeged exvercse Depae ®e inceane
of poo-oxadanss, we dxd not find any ety modif i ses
= kg lpod peroiadison and pH vl ue 1n EBC. Neroes
B FBC most Mcely ongmaced fom a Jocaloed proces
B hkag
Sx b tochn il
smwdynn of the mmples

We wknralole Me Lus B Zomge
n samgle ool nd ch -

L femela OF, Guroa C LagoaN, Queogs G Capged ) Sl
ME Behn C (005) Lungo s caso]
nd sbude Lipd poucdann ordace n ochulol brouh
omkmate x powbk prodour of sose o
Bar ) Appl Pyl 95 58539

Q sgrizger
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Effect of exercise duration on pro-oxidants and pH in exhaled

breath condensate in humans
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Reoveval 24 October 01 5/ Accepiod 12 Apel 3) 16 Publhol onine ) Apel M6

€ Umverery of Nowaers 2016

Abstract Bremse promes pulmonary oxsdeve m-
balece. 1o s regard, some evidonce has boon oltamad
fom ®e saady of exhaled brach coadensate (EBC)
dureg whan mos, B which ®e s mwhed &
the acoumrence of tus prooess ae sall not charactazed.
In tus paper, wnder iborory candmons, bodh the rale
of tme of exercise oa ®e gonaroon of prooxds
(H02, NO; ) and pH bave been asessed i EBC of 16
wdermmed sdbjecs who completed twee s of

cydoagomer exarcse at low maeasey (30 % of
VO, max) wih a duratoa of 10, 30, and 90 mm

M Tos

C de Kimeraloga, UDAC delaSadal Faoded de
Mokom, Powfos Unwenaded Cuaiia de Chile, Avonsls
Vioafs Mackoma 4360, Muod, 7804 3 Smtagn, (hie

Aovear
Lah deKincsiclogh, Us Aud el Dy .

M T - T Cabonell

Fuouey of Bralogy, Py ealogy snd Immusiiogy Libomsory,
Unventlad de Brodons, Av. Dragonsd 643, 090 23 Blrccions,
Spen

C Garcn
Funducin pars s vt gucdn de s Conosa A omalon y
Hurens (FCAHL £100) Smtagn, (hie

R Guovdn-Venoga - O F Amnok (00)
n Lah of 8 h and M yealogy of Efim

(LIBFEL Kinaclogy Scho, Faodly of Mol cne, Univesidad
delon fadey Momeme Avam dé 12455, Laa Comden,
Samaga Chic

caw’ of mnelximumndo ¢

Samples wae obauned & follows: | mmeduge ly befare
and at 80 mum post examon B aich st b Be S0.mn
e, moease B HiO3, NO;™ concentmson o EBC x
S0 mn post exemon Wit no changes | ®e pH win
observed. Toml O coesumpone and wal vensloos
weakly cormlased wih ®e changes m HO, and NO,™
b coachsnn, e coacemmenn of prooxdns in e
FBC deponds on e dumton of e exacne when £ 5
pafoenad at low mensny wnder bocwory condmoes.

Kaoywords Exhalad bemth candensate Po-oudinas
Lung - Tene of exercse

lnty oduction

Physcal execse & a moogn ol mgger of changes =
®e mdx suce, petcdaly when fus acovey ukes
place under spocial eavroamensl condn ans (cold, al-
wmade, and pallenon) and when e maonsry 15 high o
e evarcese 15 parbemad £ a proloaged pariod of tene
(2, 29). So, redox suce changes Mave bom poeviausly
decrbod, with e pcle S beng the man fous
of smady, 1 view of s majar factimal changes dusng
exarcse. This, tee mdcals fave been mvolved o e
conmmctle actvey, ool damage, mfl amencon, and fi-
agee (25, 26, 29) Anodher organ Sat undagoes gea
changes I 15 activiey due 0 exarcse s She hung, heace,
®e fow of mobiloed ar mcmases, ®e tempemtue of
Se arways deaeans (19 31) ®e comac wih oo
wemensd pollues moeaed [10) ad bood fow &
o maeaed [9). More detuls of e mec hansens weare

& spragu
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s

M Tooes o ol

recendly exionsiely reviewed by our goap (1) AL
though some of dese changes have been suggrand as
desmubiloes ofthe rodox sue, fow warks have vensured
to saady this msue, and Sose ax mosdy B aeal
madels [27). In bumans, te dffcoky o cdanng
samples, oo ®e one hand, has lmanod ®e stady of te
lung ad Bauyed de development of noo-mvasve
medod (mdoced spusem, exhaled ak exhaled bovach
condaste) % stady Se hang TRae Moo et
Inexercie, Suare e poevious mpors regardng e halod
beaxh condensace (EBC) w0 saudy changes o e redox
sate of bodh ahletes and phyw cally active sdjecs (¢,
Thes, EBC malyss bas ywelded m incement of HO;
and malandia Behyde on clmbers [ 2] and sdjecs mn
ing at modum atesde (19, showing S e e B

condmons 1mghes ondatve g devage
(4] Ina subeeguent siudy, i marane B Se coacemn-
toa of po-condans and a wndency WwEd arway
acddfieon (a phenomenca aswcued with g in
flaveatoe) were fund inde FBC of mosers of 21,1
and 422 Jem whan moes (1) In the same repoet, doect
comekioons betweon e nnng tme and Se deokze
changes 10 ®e conomuenn of nmie and hydogen
peoode 1o FBC ae found Az the same tme, Shae
Wi an mveme comekioon between the moe tme and
the abed e changes of pH = EBC [3). The mlowes
descrbed ware faund = a fiedd saady, under difforont
coveamensl cond B, 10 &ffemnt sdjecs, and de
exacne win paromod with varymg mamany, which
could have affocted e revais. Comeguendy, S ssoady
amed w0 masre FBC samples, poo-ondams and pH
of sdjecs who e mad under conrd lod hbomey
conduas, and ®e man o win bow evarcse dum-

tan affoced changes i e paramces.

Methods

Subsecs

S tceon male, heakhy, active (see Table 1), noosmoker
sabjects with no hastory of rhamts or asthena, without
reparory mfecion dung Se lit moad and who bad
ot partcpaed B any schedued aarchic physcal a-
tay sch as wrban races, swamemng, of cyclng. They
ako & not canmame ans-mfleeaooies, ool
o any ofher marmocal spplemens Pamc pans were
inbmed cmlly and in wrming, before sgning an

& spriager

mfomed cesent This sady was appooved by e
Ehics Resawch Commmee of e Universey of Los
Andes.

Poscad

Bralucoes were pafoenad as descobod a follows (1)
Sarvey of habas wnd mdeopomer ' asessnent (An-
Soopomenic Gawcho K, Rosscn ™ USA ) (2 De-
sermima 5on of macesem oxygen upake (VOmax)jon a
cycle emgometer (VIAspan™ 150200p, Viasys™,
USA) wsng exhalod gases amahss (Oxyoon mobile,
Jacger™, Gormany ), (3) In the following dree visms,
exarcse win parbemed on a cyce emgometer & a sable
Joad ogual 10 30 % of VO, max fr 10, 30, and S0 men,
= whach venslanoa, VO, beat mie, perevod exatsn,
wd podalng cadence (€0 rpe) were comroliod. Pam-
paos appared betwomn $00 and 1200 am at least
1 hater a hght bovakfast and dhey hydmiod caly wih
Se same wowax ¢l tolye replicoment &k, foe of
stmlicng ssbeueces, ano0w e andor ams mfam.
maores, afer exexme win completad Al e de-
scred physcal s wer parfemad ata tompesce
borwoon 18 and 22 °C and humadey betwoen 60 and
T0 9% To obawn EBC samples, exhalod ax was cooled
wd condonsed Brough o marument Eagned wd
poeviously vabdeod by o goup (2, 4). Subjeos were
x we, wearng a sasal dip and having peeviously
washed her mouhs wih dualled witer Then, ey
were askod W beache at odal volane 0 appeow masely
15 mm or wonl 15 ml was oftamed The team bad a
saliva Tap % avosd ontm mMDon Wit some meda s
e oocwr mthe mauth Once savples ware obaumed
Sy were saood 1 hyusd nrogen and koer at-%0 “Cup
wm | der walyss Inall Seee praccols, FBC sanples
were uken be e (pre) exarcme and S0 mm after exer-
cie completon ($0.p0at), given Sat peevous stadies

Tt | Gomorsl dacnpton o f purto pures

Vibucs
Age (yeam) n3za2
Weghtkg Nszk4
Heght(cm) L2=z01
VO, macx (i by ™' mn ™) #$0zR2
M g m ) M=z22

Valuor sre shran s mean = SD
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Effoct of cxrcae dunstnn on pro-codus and pH o odulol

35

condactod by our group have typacal ly shown changes
inths time of samplng (3, 6)

Hydwgen peroxide

The hydrogen paronade i FBC win mowared useng a
FOX2 reagess (21} This reagest coamims Fe'’
(250 uM), which = @ acsdlic medium (HCX
110 mM), 5 oxsdoed o Fe*’ by e peesonce of H,0,
The amows of HxO; 5 monnoced Soough ®e rancoon
betweon te farne wa and e xylmol cmnge mdoxa
(250 uM). Sorbmol (100 mM) was added 0 e origeal
reageat acardeg o Gay and Gebida [12), s method
has been poeviously usod by o resaxch goep 3, 4.
For mawwemens, 350 ul of EBC and 150 ul of
modifiod FOX2 wew tkon, fen Se samgle was Bce
batad for one hawr & roam sempantae and deodance
win moad & 560 nen o0 a marcplate spectophotoancts
(EPOCH™, BoTek barunens, USA). Theee caldba
100 cxves wae parbomed for axh meassemens’
grog by using H0; (Mexk) s sandaxd

oM

The pH was meavaed usng Paget Brown et al prosocol
[24) One bunded mucroloars of FBC wae bubblad
wih Agoo oo § me at a flow rae of 3% mljme,
and pH was ko maswred wsing a 3> 38 mem
(Gummeter * leng®) macrochocande (Cole and Palner)
conseciad toa pH meter (Dakwa™ Acoen pH 6)

N (NO;)

Nmrne coecestmtian win maiared using ®e s pecyo
phosoenet i st hased oo deGinessraxson [ 13]. Thee
hundred microliters of Griess reageat (0.1 %
naphthylethy esedummedbydrochlonide, 1 %

3% HPO,) wae added © 300 ul of
EBC. The moxose was moshaed for 10 mm, and ab
sochbance was meawred & S50 s oo a4 macrophce
specophommneter. Theee cures wae made B auch
e amaemont, Wil sodem nerne as suedad

Once mdvidaal values weare sbalised, e Shapoo.
Wik e was apphed © evaduge ®e dumbusoa of
the samples. When a narmal derbenon was oltamed,

a Studes’s 2 test for pared samples win apphod w0 e

o vakes, oferw e, S Wikcoxon test was apphed.
The abedl e changes were compared using ANOVA o
®e Foedoan ten Cameliooes weare dotarmmed wing
®e Speaman coerclaton coeflicent or e Parson e
axosdng 1o ;e durduton For Se paramctas mon-
sund i de FBC, ®e aven g and range of e man day
coeffic oot of vieueoe wae obaamad fiom ®e pee-
exarcme ko of e dree amewmens for e same
sadyecs. The significance level wed was of p< 0.6
For sntsacal wahes, GmphPad Prsm 6.0, USA soft
war was wed

Results

Wi regard w0 e parameters partuning © physcal
exarce (soe Table 2), no diff orences in mean baxt mie
(= 024), evirnal kad (p~ 069), or podalng cadence
(= 047) were obeered Regurd ng e mumute ventila -
oo and relitive oxy e coasampoon, a higher average
vadoe win obearved | e S0.mm s, when campand
© %e 10m et The parceved effat bad a grager
vase for he 90-mim ot an B Be 10 and 0
s For bodh wadl mobdzed ar and wal oxygen
consamod, a smaller vake win obearved for e 10
PO 20T I COMIPA 00 %0 Be 30 and 90-mm s Ao,
S 90 mm test showed hagher vl ues i bah paramete s
when compaed 1 ®e 30.om st

Wit repect © ®e markes analyzed & EBC, o
diffaenoes ware obaarved i the poe-ewe e vadues of
®e diree tests [HiOz)sac (p=0.15) [NO:2 )ssc
(P~ 044) and pHgge (p=Q12). From dese valus,
®e man day coefficimt of vaaton wis 51 % (065
115) for (H,0,)snc, 47 % (12-92) for (NO; ) gp @0
158% 0929 fa pHesc. An mcouse & [HiOzksc
x 20-pat (p= 0.0007) was famd o e 90.mm pooto-
ol wih po dffrences B e Womm (= 047) ad
30 mm (p=023) prosocols, mspectvely (see Fig. 1)
A sl ressk wis fend B [NO ko Ses no
diffexceces B e 10 min (p~0.14) @d 30 min
(P~ 060) wews were famd, showing maranes of dus
species | e 90 mm (o~ 0.047) peoaocol, as shown B
Fig 1. The pH g vilues showed no diff aences when
comparg pee-values varsus $0.p06t values | te 30.
min(p=0.35) and 90.mim (p~ 0.34) tes, while heme i
aseadoncy © Boeae B e 10mn (e~ 005) ot &
sown B Fig 2 Absokse changes (4), cakulased
® ®e dfforence between $0.post and pre-exex e,
showed a higher value far nne betweon e S0.mm
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3% M Tooes a ol
Talte2 Worklond and the phy volog P dwoe & fSoror oows &

10 mn ¥ mn N men
Lowd (W) 5993=51 NM=s1 nN=62
Cadonce (rpm) 5969=07 Nes=z02 NH=08
E 196=11 228210 522z 16% %
MR (boas mn ) 1082286 wii=s1 War=1s
VE (L mn™") 2618226 nAn=1? RS =18°
ol verelaenn (L) 2606=24% B3z 5% 258 = 1R W
VO, (mil. h"-"l 1266225 1iM=24 a4z 22v
Tord VO, (mil k) 165=24% AWM= 0 190 =2000% **
Vadues sre oxgressod s mean = SD

*p< 005 dfiorence Som the | Gaxn tat, * %p< 005 dfloronce Som the Warn o

vemus Womm prosocol AHO;)me showed dffer
cnoes betwom ®e J0mm vamus 90-mm poosocol (see
Table 3). Frally, no dffrences betwoen ®e & pHuse
of ®e dree pootocoks (p= 021) ware obearved (see
Table 3). As for cambones, a sgaificant camlooa
between AN kac vemus A[HOz)mc =032,
a7 16, p= Q023) was obeared, no significant comela-
tions between ApH .. and A[H,0,)p0 o
ANO, pge wer und Mumuse venslons showed
no significant correlenes wih po-oxidans and
pHmc. Tom] venslboian comelioed with AHO;)smc
(r=0Q30, x=4% p=0.041) and AINO; Jsmc (#= 038,
A48 p=Q00T) No siguficant corelioon betweon
ths panmcter versis ®e changes = pH wans obearved.
The wal oxygen consanpoon Sxmg the wes comrelased
with A[NO: Jssc (#=0.33, a=48, p=0.02) and
showed a wadescy w show significance weh
AH 0 ) e (77026, a 4K p=0.06) mmzerchtne
oxygen consunpaon dd notcome ke Wi prooxdes

Discu ssbon

Exexse roguims more body 0Xygen consumpaion,
them oo, physologeal modifc aoes necesary © 1o
crmae ®e poovisna of fus cloment we boought uwp.
Thes, @ moore o vemloory atwty & gosemnd
by maanng bah dopd of mspmomiexhalionn and
respracocy rie Under exac se candmons, our goup
Bas peeviossly mporied Bcmnses B ®e pro odins
gesonton marsaed 1 EBC and camelones between
the e of ouadoor exarcise and ®e praduct oo of hewe

speces | dffarent grogs of sibjecss (1 4. In B

& spriagur

mport, we coeaad a prosocol B mvolved duee e
of dffrent dummon = which e subjeos perfoemad
exarcme whem Se tomparitue, mostse and canmams-
nas from She amboont ar wae canwroliad. Moroover,
wnlie ®e e pedfoomed | ®e field B Se cawent
exparmensl s, £ win possitle to contmuoud y men -
sae relewant physologaal pamemesrs and © canras
Shom agamst poo-oodams. Thes, we find S o foet of
mamany cose % 30 % of VO, max, a cy¢ bagomer
poosocol, developad & a fixed eviemal bad, pooduced
Boanes B mmase veosl e, mmusecelene VO,
wd paceved effort which am poodably amoc weed ©
®e fingue showed B ®e st pax of %0 mm st
Arbasgh we canex male out that these changes awe
mvaved i Se phenomonon under stady, we note S
®e big dffesence of st © o sulyecs win Se
Bocwe B wal woskoos and taal releve VO, ©
which they were exposad %] 0, | bodh parametas,
paxly 10-0M dffences betweon e 10 and 90 mm
suges wew observed The lage moame = Se wal
descrbed ventlaton & of pamcular mosest, semce s
mphes ®e possibiley of lowang Setompantae of te
arway, fivoomg moechanial damage and pooenotng
evipomuon of Dad tom de eprbelal surfce, £ has
boen suggenad ta dese fices B exarcse we B
vaved B ®e mracoe and nfamencon of e arway
(1, 11, 19} As for el relierve VO, ding et £ 5
mlevint smce i asocktian betwen ®e et oxy-
o0 cansamnad and ®e mcmase of raxove oxygen and
BEogen spoc s has been descrbed [ 1)

b ®e hag bodh noaval cells and | oflamenocy-

type cells can fam poooxdes daved fiom aoygen
wd mewgen. H 0, which s one of e mact ive axygen

davatves, has been doteammed B EBC samples, =
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w 10 min . 30min . 90 min
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Pig 1 (60 Jou: (A) 30 (NO; Jun: (Biinp

of s oy

modan, *p< 008 d oo fom pro valie

bodh panenss with OOPD o asthena (20, 35) and &
sabjecs who perfoem physcal evercse (2 6,17, 22).
Albough s ongn & not clar, ®e isa hasocy that
leks ms caconmanon o EBC with bath blood phagp-
cyms [32) and mflavenory cells o mducod sputum
samples [16), which are acave producas of pro-
ondes ad characsrsex of defensive pracesses. In
the present soady, o inceeane = [HO koo o ®e 50
mn st was obearved Putamor, fie AH O e
win higher i e 90-mm test, when compuied o te 30
mm e Taken wgether dee dat sgged D e e
time desrmmes the [HO ko The mfluonce of sme
00 exercee has notbeen the foous of a saady peeviously,
bowever, Sem are repoess of baef proscoks of exer
Cex, It sense, Nowak etal [22) & a 6enm prosocol

at 120 W o change win famnd Seailely, & samgles
obtuned duing e pafomance of a ssbenaxemal

L

of 10, 30 and 90 men. Vadues se oprosod

exarcse (60 ad 120 W) lower ®an 10 me, incoeases
B H,0,) e [17) wee not fund, ember b pookaged
exarcme, our growp has previously repomed Bcmeanes B
HOfac, $0 mm pot exexcse o nonas who exer-
cme betweon 1 (10 kom)and 4 b (422 lem). Specifically,
we can compare $he curment S0.mm poosccol with a
212 moe, 50 while o e fost mentoned ¢ xample,
moeaes of +40 % 10 211 km (dout 100 mm) we
fund, monars showed changes fom +200 % w0 Se
$0.post [ ) at seadar basclme of HO; The feegang
saggess he poobable mflsence of exax e macasty oo
®e gonaraeon of HO, & $us Jevel In das dracuan,
Macken et al [20f meparsed inceases = H 0, prodac-
won, marsred mde FBC, o heakhy poople, after about
12 o wheon the e e w s macemal, while no ¢ hang-
& wer obeerved ®e same tene of exexise
pafoemnad at 40 % of macemem oupet (%0 W appoox )

16 min Mmin 90 min
" . .
e - - -
L] o: a '. L H.... .Mﬂ' - '00. M“.
=‘ " '.0 . " ¢ " - .
" " ”"
.
as - -
e (- e et = gt
Fig 2 pHn m paecpmn of s cy ooy 10, 30 3 90 men. Viduos sre exgressod s moksn
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s M. Tucws o &l
Takted Effoctof cuncse darston on the sbwolute cung o i pro-<ox dses snd pH n exhuiod brash condo s
10w ¥ mn N men
A [H05) (um L7 -0 -0 006"
Q1% 007 -a120ms) ©a0I2)
L [ -0% a2 oxn*
(0.9, 00) (0.4, 061) [CL RN
ApH aw -am am
a0 a19 012,004 (-00R 023
Vadues sre exgronod s mokan wih purc i g 0 purcrh

*p< 008 dflorence Sum dhe S 0aun tat * %p< 005 dforonce Sum dhe 10-an ox

Nmrze s another chemcal of graat mpostance o
the saady of mdox suge, ts substece & pax of
nirx onde metabolsm, a chomical specis wid
mukple physiologeal ad patological fusctons
Ths scbeunce bas also boen obeerved | ®e FBC
from ashenacacs [2%) and heakhy poople who exer
cime [3,6) b das repat, (NO; e Baased o e
S0.mm proswcol Ths same exercme tme showed
higha AINO; hac valus dan & ®e 10min po-
tocol Accooding %0 our padgment, Sese resaks sup-
port the sdea B the maranse of tme doing exercse,
at bow mcasny, maases (NO; Jme. This pamme.
ter han also been previously mportad by our group
and mcreases B [NOy e 10 exercse for moe
than 1 b dumoos have beea descnbad in bodh poorly
tmmed people who ran 10 km (6] and mmsers of
21.2- and 42 24m rces 1) b this last wodk, coe-
rekions between tme of exexine and AN kac
Bave been found, which somebow Jod w0 specifically
stady e effect of exarcise time As in ®e case of
H0,, 2 & seen the ®e magnitade of changes
observed for (NO; Jmc B¢ 90 mm of exarcise,
under conwolled condmons, & 13 %, while for e
21.24m race, mcmanes of 90 % ax found Ths
rembeces ®e sdea Batexexne mionsny (after wal
vesslion) s mvolved in genoring s dffemace.

Arway acdey has been stadnd by detrminng Se
pHimc, which & lower i ®e case of pul mosary mflan.
maney poocesses [7, 28] 1t has a hagh mie of repoodiuc.
iy [14) which we fund | our sample, 0o 1o s
repost, aeadacy © Baase ate 10 me s obearved,
Wi no changes & a oeger exarcse tme, dekas showed
o dffeaces, erher The repariad sendency % B s,
10 e carment work, s sl %0 S und B by moter
authars (¥, 14, 30) For exanple, Riodiker etal (3 =
an evercse oo avanduill & a shght higher mensny
the ome presented here (calcul wad as 60% of maceam

@ sprage

boxt mee), whem an maase  pHo. was famd,
monwared | b after exercse

Aloag e same lnes, we have alwo funda sendency
o0 pHgc © Bcrawe = patc panss of 10 kom race =
bath uaramed [6) and mmsers (), the kst two mes
wer pedfamed & maveum efiet Comrary to wha
we expected ®e ressk of bow pHzac by pokeged
exercie Wi not mpeodacod, & £ was previously found
= rences [3). In pax, s can poodably be explumed
G w0 he ow masry of our caent pracd .

b ®e saxh o Se mechanss of ®e deerved
vieanoes B pooondes and pH & e EBC & de-
srbed above, we comelate Ser abad e changes ver-
s somne meawaed relevant physologil paramctes.
b fost place, 2 was of partoule imewst 10 aes te
mmuse celmive aygen consumpoon and wal con-
samgon B e s ples drng exacse, & well s
Se known relatonhip batweon oxygen ConsEgTian
od bevason of po-oxndins [15) b fs regard, we
Pund a sgnificant bt weak comeliton between
AN, ) gpe and wad mhove VO, in addewa to a
sendency to sgadficance for & H 0z e, accoodng ©
s 2is hkely e, x kea & part, the inaaased
wessmpaon of O may explan ®e inceae B Se
oo oxadanss it ogan. venalasocy ¢ hang-
e, as montoeod 1 Se fest paragmph, these would be
®e pamary souxce of changes ®at oo | Be ling
macroens wament marared B ®e EBC. b dus way
while mmuse vers howa & not comrelice Wit any of
Se makes mowarod, we & find significant coarela-
ooes, aler wedk, betweon ®e taal vessle e ad
changes o Se stadied poooxadans. Fom our poss of
vicw, B helps 90 suppoet She sden e the soml amaunt
of mobilzed ar mfames wd gmaxes ondmve
changes oo arway epielum, but £ poodably ocaly
coesenses one of Be facwe mvolved o e phename-
on descobod b anodher apect, 1tis lcely Sat de bow
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94) Hydrogen peroxide and nitrite increase in exhaled breath cond te after low-intensity aerobic exercise in non-trained
active subjects

Tuesta, Marcelo'?., Araneda, Oscar *.,'UDA Ciencias de la Salud, Carrera de Kinesiologia, Facultad de Medicina, Pontificia
Universidad Catdlica de Chile.?Physiology and Immunology Laboratory, Faculty of Biology, Universidad de Barcelona.’Integrative
Laboratory of Biomechanics and Physiology of Effort (LIBFE), Kinesiology School , Faculty of Medicine, Universidad de los Andes.
(Sponsored by Funded By Fondo De Ayuda A La Investigacién (FAI), Universidad De Los Andes Project INOGTO2013, And The
National Fund For Scientific & Technological Development (FONDECYT), Project Number 11130082.)

s dats

It is a well-established fact that exercise increases pr id and pr stress; h , this ph 1 has
been poorly studied at lung level. In non trained subjects, it has been observed an increase on pulmonary pro-oxidants after
high intensity aerobic exercise for nearly an hour, but it has not been studied in low-intensity exercise and less in under-trained
subjects. Pro-oxidative generation (H,0,, NO,), lipid peroxidation markers (MDA) and infl ion (pH) in exhaled breath
condensate (EBC) were obtained from 11 active under-trained subjects. All subject: pleted two ions of cycloergometric
exercise at low intensity (30-40% Heart Rate Reserve) and equal lung ventilation during 30 and 90 minutes respectively. Samples
from both protocols were obtained i diately before, at 20 and 80 minutes post exertion. There were no differences in lung
ventilation between both exercise tests, moreover heart rate remained within the established ranges for both protocols. On
[H,0,],,. an increasement was observed at 80 post in the 30 min protocol (Pre: 0.13£0.13 pmol-I* and Post,: 0.2410.17 pmol-I
1;p<0.05). This same finding was observed on the 90 min protocol (Pre: 0.0810.08 pmol-I* and Post,: 0.15£0.01 pmol-I*; p<0.05).
[NO, ], showed a tendency towards an increase at 80 post in the 30 min protocol, while there was an increase in the 80 post
on the 90 min protocol (Pre: 0.35:0.49 pmol-I*and 0.92%1.66pmol-I*;p<0.05). There were no differences in [MDA],,. on both

protocols. pH,, val h d no variations in the 30 min protocol (p=0.35), while there was a tendency towards increase in

4 1

the 90 minute protocol (p=0.086). In conclusion, low intensity exercise increases lung origi pr idatives in under-trained
subjects. There was no evidence of changes on lipid peroxid 1 or early infl

167



Apéndices

8.3 Apéndice 3

Paper aceptado y publicado online, realizado durante el periodo experimental de la tesis
(aceptado en Febrero del ano 2017)

YOUR ACCOUNT

Update your registration
details

Modify your password
Order to be completed
Completed orders

SHOPPING BASKET

Items: 0
Total amount: € 0,00

Order details and checkout
HOW TO ORDER

Journals
Books

YOUR SUBSCRIPTIONS
Activate

View

Contact subscriptions
department

YOUR ARTICLES

s
£
2

ACCESSIBILITY
Standard viewing
Larger font

Text only
High-contrast layout

ISSUES AND ARTICLES ABOUT THIS JOURNAL FOR AUTHORS SUBSCRIBE

THE JOURNAL OF SPORTS
MEDICINE AND PHYSICAL FITNESS

A Journal on Applied Physiology, Biomechanics, Preventive Medicine,
Sports Medicine and Traumatology, Sports Psychology

Indexed/Abstracted in: Chemical Abstracts, CINAHL, Current Contents/Clinical Medicine, EMBASE,
PubMed/MEDLINE, Science Citation Index Expanded (SciSearch), Scopus
Impact Factor 1,215

eToC

The Journal of Sports Medicine and Physical Fitness 2017 Feb 08

DOI: 10.23736/50022-4707.17.06835-9

Copyright © 2017 EDIZIONI MINERVA MEDICA

language: English

Differences in energy expenditure, of phy ivity and physical exertion level during a
Zumba fitness class among adult women who are normal weight, overweight and obese

Rodrigo, YANEZ-SEPULVEDA !, Fernando, BARRAZA-GOMEZ 2, Eduardo, BAEZ-SAN MARTIN 2, Oscar F. ARANEDA 4 Juan P.
ZAVALA ®, Gernot K. HECHT ©, Marcelo TUESTA?

! Facultad de Filosofia y Educacion, Pontificia Universidad Catdlica de Valparaiso, Vifia del Mar, Chile; 2 Escuela de
Educacion, Pedagogia en Educacion Fisica, Universidad Viria del Mar, Agua Santa, Vifia del Mar, Chile; > Departamento de
Deportes y Recreacion, Facultad de Ciencias de la Actividad Fisica, Universidad de Playa Ancha, Valparaiso, Chile; ¢
Laboratorio Integrativo de Biomecénica y Fisiologia del Esfuerzo (LIBFE), Escuela de Kinesiologia, Facultad de Medicina,
Universidad de los Andes, Las Condes, Santiago, Chile; % Facultad de Educacion, Universidad Andrés Bello, Vifia del Mar,
Chile; © Departamento de Educacion Fisica, Deportes y Recreacion, Universidad Técnica Federico Santa Maria, Valparaiso,
Chile; 7 Carrera de Kinesiologia, UDA Ciencias de la Salud, Facultad de Medicina, Pontificia Universidad Catdlica de Chile,
Macul, Santiago, Chile

ARTICLE TOOLS

Reprints
Cite this article as

168



	MTR_CUBIERTA
	TESIS_DR_EO_PULMONAR_EJERCICIO_FISIOLOGIA_UB (APENDICE C PAG)

